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ABSTRACT
Bio-based plastics and composites have seen increased industry adoption in recent years due
to growing demand for materials with a low carbon footprint. The use of lignin as a feedstock for
polymers has seen growing interest as the concept of an integrated cellulosic biorefinery gains
traction and advances the need to use all components of separated biomass for value-added
applications. Historically, use of lignin in thermoplastic and elastomeric copolymers and blends
has been bottlenecked by the inability to introduce lignin content above 30 weight percent due to
difficulties with interfacial adhesion of lignin with other soft segments. Efforts to overcome this
have typically involved solvent-based chemical modification of lignin, requiring energy intensive
solvent separation, and generating waste. In this document, we demonstrate a solvent-free, reactive
compounding method to produce lignin-based thermoplastic elastomers with lignin contents as
high as 70 weight percent. Our ability to control the dispersion of nano-sized domains of lignin in
synthetic elastomers with enhanced interfacial adhesion has resulted in thermoplastic elastomers
with tunable mechanical properties, with tensile strengths as high as 45 MPa [megapascals] in
some variations, rivaling some engineering thermoplastics like nylon and ABS [acrylonitrile
butadiene styrene]. We found that by varying lignin content, type, and additives, the ultimate
tensile strength and toughness of the materials could be controlled. Lignins displayed the ability
to participate in free-radical based crosslinking, both in the presence of an initiator and
spontaneously. Additionally we demonstrated that lignin-based elastomers could be used to create
fiber reinforced composites using bio-based fibers such as kenaf and hemp that demonstrate
flexibility while maintaining significant tensile strengths. The demonstration of bio-based, flexible
thermoplastic elastomers and elastomeric composites that make use of lignin, without the need for
solvent-based chemical modification, presents significant promise for the future of renewable
materials in durable goods.
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CHAPTER 1. RENEWABLE LIGNIN BASED BIOMATERIALS FOR A
CLEAN ENERGY FUTURE

1

1.1

The nexus of energy and biomaterials
The petrochemical industry accounts for 1/3 of global final energy use, and about 40% of

energy-related CO2 emissions. Of the petrochemical industry, polymer production represents the
largest and fastest growing sector, with 75% of physical production (2006) and a growth rate of
6% year.1 With growing concern over energy costs and associated carbon pollution, biobased
chemicals and plastics take on a two-pronged advantage by being carbon neutral (or even carbon
negative), as well as having the potential to offer reduced-energy pathways to material production.
According to a report by the IEA, there are three recommended approaches for implementation
and scale up of bio-based plastics.
1. Use of natural polymers – cellulose, etc.
2. Use biomass as a feedstock to for the production of bio-derived “drop-in”
replacements for current monomers produced from petroleum
3. Produce bio-based polymers directly into microorganisms.
Of these three potential approaches, the third would require the least amount of energy as the
microorganisms can be self-sufficient with the appropriate growing conditions and environmental
controls. It is, however, the most challenging from a technological point of view. The second
approach would be very amenable from an industrial point of view, as the products and processes
used by the polymer industry would not change greatly. The energy costs would be the highest of
the three, however, as there is a considerable deficit in energy required to tear apart the bonds of
these resources and then re-build them into what we know how to work with now. The first
approach is to make use of the natural polymers like lignin and cellulose and understand that if we
are able to treat them as unique materials, and develop new chemistries and engineering processes
around them, we can develop brand new materials that can replace those that we currently make
use of from petroleum.
Current research estimates on the volume, type, and applications of polymer production
estimate that nearly 80% of current petrochemically derived materials could be replaced with biobased plastics.2 To achieve these figures, there are a number of technological challenges that must
first be addressed. The current industry capacity for biopolymer production is small, even though
there has been a great number of new materials created in the lab. Of those that have made it to
pilot scale and beyond, the majority of them suffer from low glass transition temperatures (Tg’s),
limiting their use in high-end and temperature demanding applications.3. Of the existing petroleum
2

derived polymers that do meet the requirements of industry, many of the high-performance
materials are made with petroleum-based materials with a high aromatic content that present a
number of occupational hazards during synthesis and processing in the form of VOCs and
carcinogenic gas byproducts.4 Being that lignin is naturally aromatic and polymeric, along with its
breadth of functionality and massive abundance, it has remained one of the most researched
materials for its potential to fulfill the demanding needs of industries like automotive and
aerospace, while maintaining its status as an environmentally benign, carbon neutral product.

1.2

Lignin
In 1813, Swiss botanist Augustyn Pyramus de Candolle penned Théorie élémentaire de la

botanique (Basic Theory of Botany), in which he detailed his observations of an intractable plant
material that could be made soluble in alkaline solutions and precipitated with acids.5 He named
this substance “lignum”, Latin for wood6, and thus began an over 200 year quest to understand this
naturally abundant polymer. Lignin, along with cellulose and hemicellulose, are the three primary
components that make up the cell walls of all plants. It is a complex, aromatic polymer, and
accounts for over 30% of the organic, non-fossil carbon on the planet.7 Since the writings of
Pyramus and others, like Anselme Payen, who identified and named cellulose, scientists have
looked to understand the structure and potential uses for this abundant, natural polymer.
Lignocellulosic biomass is a catch-all term used to describe the three basic building blocks of
lignin, hemicellulose, and cellulose that are present in the cell walls of all plants, and their
combination is what gives plants their rigidity and ability to grow upright (Figure 1). The
arrangement of these three items somewhat resembles the internal construction of a building,
acting like the rebar, gravel, and cement, respectively. New thermochemical and biological
technologies have been developed to break apart the individual five and six carbon sugar units that
make up hemicellulose and cellulose, allowing those feedstock streams to be manipulated like
more traditional food-based sugars, without the unwanted economic impacts that come with food
displacement.8 By using those sugars, biorefinery researchers are finding new ways to convert
them into small molecules that can be drop-in replacements for a wide range of chemicals used in
industry today, many of which are precursors for new types of biopolymers, or currently existing
polymers traditionally produced exclusively from petrochemical feedstocks.

3

Figure 1. Lignocellulosic structure of plant cell walls7

4

Lignin, the “glue” that effectively holds these components together, binding plant cell walls,
represents between 25 and 40% of the mass of these non-food crops. It has recently garnered much
interest as well, as it is the only naturally occurring source of aromatic chemicals (high-stability,
six membered rings) other than petroleum. The “core aromatics” of current petroleum refineries –
benzene, toluene, and xylenes (BTX) – are major staple of the polymer and synthetic materials
industries and are a lofty goal for many biomass researchers.9, 10 Lignocellulosic biomass can be
obtained by processing agricultural residues like corn stover and sugarcane bagasse, or from
dedicated fuel crops that have been developed over the last few years, including switchgrass,
miscanthus, and even poplar trees.
The largest source of extracted lignin is the pulp and paper industry. This industry has existed
for well over a century and is one of the original “green energy” pioneers, powering their plants
primarily through the combustion of their waste lignin. More modern biorefineries, seeking to
produce ethanol and other bio-based chemicals, are now capable of producing new streams of
lignin with different characteristics. In the interest of a fully integrated biorefinery, more of these
companies have been seeking a use for their byproducts, hoping to develop additional revenue
streams. To date, lignin has been used in many different things, ranging from filler material in
concrete to glues in wood paneling, and in recent decades, plastics. With all of the lignin available
– an estimated 50 million tons annually from the pulp and paper industry alone - only 2% of the
annual production is incorporated into value-added products.11,

12

With such large volumes

available, lignin continues to be an excellent candidate as a feedstock for replacing many
petroleum-derived commodity and engineering polymers.

1.3

Lignin-based polyblends and polymer composites
Some of the first research articles for the use of lignin in polymeric products came shortly after

World War II, in an effort to save money and resources in the production of the massive amounts
of rubber used in military equipment.6, 13-17 Keilen used lignin as a replacement for carbon black
(CB) and other pigment fillers to reinforce government rubber styrene (GRS). His initial results
involving the acidic coprecipitation of lignins in latex emulsions were promising and showed
material properties nearly as good as, if not greater to in certain areas, that of the best available
carbon black at the time. One of the major barriers to adoption was poor heat disspation.13, 14 After
his publications, there was sparse publication on the topic of lignin in rubber for over 50 years.
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Around the turn of the century, as the push for more renewable materials began to spread
through industry, several researchers began evaluating the reinforcing properties of various lignins
with natural and nitrile rubbers.18-21 Setua found that while the lignins he used were not a good
alternative for carbon black in acrylonitrile butadiene rubber (NBR), peroxide-modified lignin did
impart a dramatic increase in the final composites resistance to fuels and oils. When allowing a
phenolic resin to crosslink after being dispersed in the rubber, he did find an increase in tensile
strength, suggesting that interpenetrating networks in rubber may be a good scheme for distributing
strain energy between phases.18 Botros and Jiang each showed a decrease in tensile strength of
natural rubber (NR) upon addition of lignin, however Jiang went on to demonstrate that lignin
nanoparticles coated with a positively charged polymer had an increased level of interaction and
increased tensile strength when blended with the negatively charged NR matrix.19, 21 In Keilen’s
studies, the maximum amount of lignin used as a reinforcing filler was 200 phr (66%). For all other
compositions, the amount of lignin did not exceed 33%. It should be noted that in all studies, the
amount of crosslinking reagents were not changed, and it is likely that some of the reductions in
tensile strength were due to a lower crosslink density caused by lignin’s ability to scavenge free
radicals.
Related to the blending of lignin into rubber as a filler, the area of polyblending of lignin into
compatible polymers is also one that has shown interest from researchers and some interesting
results. Perhaps some of the best examples of these polyblends are the lignin and polyethylene
oxide (PEO) blends prepared by Kubo & Kadla.22-33 While the majority of their work was focused
on polyblends for the production of fibers and carbon fiber, the miscibility and hydrogen bonding
interactions that they observed are invaluable to blends of bulk materials. One particular study
showed that polyblends of lignin and polyvinyl alcohol (PVOH) resulted in a more uniform
dispersion of crystallites of PVOH with increasing lignin content. While these mixtures appeared
homogeneous, differential scanning calorimetry (DSC) analysis showed two separate Tg’s,
indicative of a two-phase, heterogeneous mixture. The fact that the fibers were still very uniform,
and evidence of a high degree of hydrogen bonding via fourier transform infrared spectroscopy
(FTIR), demonstrated that lignin is capable of forming strong intermolecular hydrogen bonds with
polymers that it may not be fully miscible in.25
Several other papers on polyblending with lignin have shown versatility. Canetti and
coworkers have demonstrated that lignin can be added to polyethylene terephthalate (PET) up to
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20 wt% with a good dispersion of particles ranging from 0.3 to 8 µm in diameter when cast into
thin films. No mechanical properties for this system were reported, but a marked enhancement in
PET crystallinity was noted and it may be inferred that tensile strength may have also improved.34
A similar effect was shown in polypropylene films blended with up to 10% w/w of organosolv
lignin, where strength and elongation both improved with increasing lignin content.35 Composite
blending of lignin with polyhydroxybutyrate-co-valerate (PHBV) resulted in a negative trend in
mechanical properties with increasing lignin concentration. Tensile strengths of samples were
reduced by 2/3 and elongation by ½. These poor properties were determined to be a result of the
absence of physical bonding between the two materials. As the materials were strained, crazing
would begin at nearly all phase interfaces, creating voids in the matrix that would eventually lead
to cracks. This behavior severely weakened the bulk material as the lignin could not adequately
share that energy load.36
One final series of blends was completed by Sahoo and coworkers. Composites with
polybutylene succinate (PBS) resulted in strength increases of about 10% at 65% loading of lignin
(35 MPa to 39 MPa). The addition of polymethylene diphenyl diisocyanate (PDMI) as a
compatibilizer increased the strength of the composites at 2% loading, but at 1% loading decreased
strength (not statistically significant, very large deviation). The impact strength, however,
decreased in each of these combinations, concurrently with the elongation of the materials. This is
likely due to the rigidity of the PMDI backbone, and the overall rigidity of lignin itself.

37, 38

A

follow up study sought to remedy this issue through the blending of two different grades of PBS,
and the addition of telechelic diisocyanate terminated polybutylene and unrefined switchgrass as
a fibrous filler. Improvements were seen in elongation and impact strength, areas where the
original composites were lacking. These increases were presumably due to the addition of a less
rigid backbone, and a grafting mechanism of the rigid lignin to it.39

1.4

Chemical modification of lignin for new macromer creation
Some of the earliest and most pioneering work on the chemical modification of lignin to create

new macromers, and the polyblending of these new materials was completed between 1984 and
1999 by Glasser, in a series of papers entitled “Engineering Plastics from Lignin”40-59 and
“Multiphase Materials With Lignin”, respectively.60-74 Most of Glasser’s work was based around
the concept of activating the various hydroxyl groups in lignin to append hydroxypropyl groups,
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turning lignin into a liquid polyol, or acetoxypropyl groups, rendering lignin hydrophobic, but
providing some pendant chains on the molecule for interaction. From these two derivatives, he
was able to create a myriad of materials by providing a range of polymeric chain lengths bearing
these two functionalities off the surface of lignin particles. From those further derivatives, he
detailed the synthesis of polyurethanes, phenolic resins, copolymers, and a variety of polyblends.
Of all of the chemical modifications of lignins for use in polymers, this lexicon of work is one of
the most exhaustive on a single subject and one of the only to see commercialization.
Perhaps one of the largest areas of research has been focused on the inherent polyol nature of
lignin, where immediate thoughts of using it as a replacement for traditional, well-structured
polyols in polyurethane applications begin to arise. Indeed, some of Glasser’s work did include
the use of his hydroxyalkylated lignins as polyols 40, 41, 46, 50-53, 56, and many others have attempted
to produce high strength bulk materials, foams, and thin films.12, 68, 75-79 Some recent work by
Naskar & Saito took a different approach to using the traditional, rigid diisocyanates and polyols,
and used a telechelic, polybutadiene diisocyanate. The incorporation of a flexible linker between
the lignin molecules gave rise to a flexible, rubber-like material rather than a rigid material so
characteristic of many other polyurethanes. While the tensile strength was not particularly high,
the observation of a two-phase morphology and thermoplastic behavior was very notable. As
traditional polyurethanes are thermosets, the flexible phase made this particular material into a
thermoplastic elastomer.78 Similar work was completed using carboxylic acid terminated
polybutadiene, creating a lignin polyester network.77
Among all of the various reviews detailing the development of lignin polymers

3, 6, 11, 12, 80-86

,

semi- and full-interpenetrating networks (IPNs) are always mentioned and shown to give rise to
materials with very good mechanical properties due to the intimate relationship of the two
intermixed phases. As before, some of the first lignin IPNs were described by Glasser

63, 68

. His

work showed that in his chain-extended hydroxypropyl derivatives, an IPN with poly(methyl
methacrylate) showed a trend of increasing tensile strength and decreasing strain as the lignin
contents increased. In these examples, the weight content of lignin was controlled by the relative
molecular weight of the chain-extended arms of his star-like polymers. This, it stands to be
assumed that an increase in lignin concentration and thus, a more tightly bound IPN can
significantly and predictably control the properties of a given material. A more recent pair of
studies by Raschip and coworkers detailed the development of 100% biobased lignin/xanthan
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semi-IPNs.87, 88 Due to the hydrophilic nature of both biopolymers, very robust networks were
created, allowing for a superabsorbent, potentially biocompatible hydrogel. While not an
engineering plastic in the structural sense, thermogravimetric analysis showed a rather high
thermal stability between 275 °C and 360 °C. Many neat lignin samples tend to thermally
decompose at temperatures as low as 200 °C.

1.5

Knowledge gaps and lignin use challenges3
As is the case for many great discoveries in the lab, the path to commercialization is time

consuming.7 This is a problem that is not only inherent to materials, but to all of chemistry. The
problem here is that researchers working in the lab are able to design processes at the molecular
level for some incredibly amazing molecules and materials, but their expertise often does not go
beyond the quantities that they can produce in the lab. When these researchers are interested in
pursuing commercialization, and approach a larger chemical manufacturer, they are often asked to
provide kilogram, or sometimes even ton level quantities for testing. This is well beyond the scope
of their expertise, and more importantly, their equipment.
For lignin-based polymers, this is also an issue. Many of the methods proposed in the review
above make use of lignins acquired through systems that do not exist on a commercial scale.11
Without the infrastructure to supply a potential startup with a reliable supply of lignin, processed
in the same manner that was used in the lab, the goal of producing scalable quantities of polymer
becomes increasingly difficult by the massive ordeal of constructing not only facilities to produce
said polymers, but also to extract and purify an acceptable stream of lignin. Even if the capital
were able to be raised for these types of projects, the resulting product would be too costly, and
would likely gain very little market traction as the inability to compete on price with the current
petrochemically derived polymers would be damning.
On a related note, there are very few producers of the high-purity or well-defined lignins that
would be needed to proceed with these technologies. The pulp and paper industries, those
producing the most lignin currently, have been content for years simply optimizing their recovery
boiler systems to squeeze more energy and recover more working reagents from their black liquor
streams, with little regard to making lignin available for purchase. Of the biorefineries, especially
those first-generation plants that made use of corn for ethanol, there have not always been concrete
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plans to do anything with the rest of the plant, and much of that valuable lignin was left behind for
compost or burned for low-value energy return.89
The second major drawback inherent in the above examples is the need to chemically pretreat
and modify lignin to make it amenable for polymerization or blending. Otherwise, a loading of
unmodified lignin beyond 30 wt% causes deleterious effects in mechanical properties of the
matrix. Most of the research has been focused on solvent-based chemical reactions to
compatibilize lignin with existing polymeric systems, or to make it into a unique monomer itself
with pendant polymer chains.44, 90-101 While these methods are valuable, the present a problem that
is again related to scale up. Chemically modifying lignin presents an extra step that is very mass
and energy intensive. Solvent use is often required, and large-scale batch processes are costly and
time intensive to design. Continuous flow systems, while more efficient, may bring about even
higher costs from the design and construction phases, since most must be custom-built for their
applications. All of these factors again can elevate the price of the final product and simply put it
beyond a point where it can be competitive.
In addition to the equipment and infrastructure required to implement these chemically
modified lignins, purity of the lignin stream is again something that is relatively important.
Without a consistently pure stream of lignin, many of these chemical modification methods would
result in poor yields and unwanted side reactions from errant activity resulting from any number
of factors including lignin ash content, sulfur content, water content, etc. Without more research
into the use of commercially available lignosulfonates, or more recently, quality streams of Kraft
lignin from recently commercialized processes like Lignoboost102, a true representation of what
can be done in the present timeframe with regard to lignin polymers cannot be seen.
To combat some of the issues inherent to chemical modification (high energy consumption,
high process mass intensity, large capital investments), a different synthetic approach should be
considered. An ideal situation would be one in which all reactions are facile in the melt, and that
all formula ingredients are low-cost and integral parts of the polymer rather than expensive
catalysts or solvents needing recovery. Designing with commercial scale production in mind from
the bottom up will present more opportunities for industry partners to be willing to invest time and
resources toward the production of these greener resins.
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1.6

Dissertation Overview
The overall goal of this work was to address the following research questions:
1) What are the fundamental characteristics of a polymeric material that can
support lignin contents in excess of 30 wt.%?
2) Through what physical or chemical mechanisms can unmodified technical
lignins be used to create high-throughput and solvent-free thermoplastic
materials and composites?
To evaluate these questions, I present my findings based on my literature review of lignin-

based polymeric materials and my laboratory research of lignin-based thermoplastics,
thermoplastic elastomers, and composite materials. Chapter 1 begins with an overview of the use
of lignin in polymeric materials in the literature, and identification of knowledge gaps and
opportunities. Chapter 2 describes the development of a melt-processing method for lignin-rubber
compounding and compatibilization, with a focus on how different lignin feedstocks, additives,
and catalysts impact the ultimate mechanical properties following more traditional rubber
processing methods. Chapter 3 dives deeper into the proposed chemical reactivity of lignin-rubber
matrices, with additional focus on how lignin structure and polymer functional groups are key to
determining overall system reactivity and compatibility. Chapter 4 reports the use of a ligninrubber binary blend developed in Chapter 3 as a renewable matrix for chopped and continuous
fiber composite materials. Finally, Chapter 5 outlines the conclusions of my studies and makes
recommendations for future academic and commercial paths for lignin-based thermoplastics and
composites.
1.6.1 Experimental Design
The overall goal of this work was to demonstrate the solvent-free use of unmodified technical
lignins as thermoplastic copolymer materials in quantities over 30 wt.% and their use as a matrix
for particle- and fiber-reinforced composite materials. To accomplish this, we will use a first
principles approach. First, we will start with the fundamental chemical, thermophysical, and
thermomechanical characterization of unmodified technical lignins from a representative set of
biomass sources and separation methods. This will give us an information rich fingerprint of each
type of lignin. The physical and mechanical properties will allow us to identify several multi-phase
morphology options, which will in turn identify a range of desirable physical and mechanical
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characteristics of potential copolymer materials and a primary method design for compounding.
The chemical characterization information will allow for further refinement of copolymer choice
based on the potential miscibility of the materials and opportunities to exploit functional groups
present in each phase using reactive compounding and extrusion methods. From this, we believe
that multiple formulations will present themselves as candidates as matrix materials for particleand fiber-reinforced composite materials and will evaluate a number of reinforcement materials to
demonstrate. In this study, we will address the following fundamental research questions: What
are the fundamental characteristics of a polymeric material that can support lignin contents in
excess of 30 wt.%? Through what physical or chemical mechanisms can unmodified technical
lignins be used to create high-throughput and solvent-free thermoplastic materials and
composites?
1.6.2 Lignin Selection
This work will focus on the use of unmodified technical lignins, defined as lignins that have
been separated from biomass using commercially scalable biomass separations or pulping
technologies without any secondary chemical modifications. A representative set of lignins will
be used throughout the proposed work, identified by their feedstock source and separation method.
The primary feedstock sources we will focus on are hardwoods and softwoods. The separation
methods of interest are Kraft pulping, soda pulping, and organosolv pulping. Kraft and soda mills
are some of the largest sources of technical lignins in industry today, representing between 8090% combined.71 Organosolv technologies are emerging in commercial biorefinery applications.
Combined, this matrix of six broad categories of lignin will broadly touch on all lignin streams
excluding the water-soluble lignosulfonates. Additionally, some organosolv or soda pulping
lignins from agricultural residues such as corn stover and wheat straw is included in some analyses.
1.6.3 Torque Rheometer and Reactive Compounding
The primary equipment that will be used in the proposed work to create new thermoplastic
materials in this study is a torque rheometer fitted with a temperature-controlled chamber and
adjustable rpm counter-rotating mixing blades. Using this instrument, we can directly monitor melt
temperature and the torque on the mixing blades to calculate viscosity. This information can
provide important physiochemical information regarding changes in melt behavior from adding
lignins, polymers, and other additives. While this instrument is not a 1:1 mimic of a commercial
12

twin-screw extrusion system, it allows for robust, time-resolved data collection. From the data
collected, we can observe changes in melt viscosity and temperature related to changes in the
physical state of materials, as well as endo or exothermic chemical reactions. Additionally, the
data generated can be used to create a stepwise formulation profile that can be translated to a
commercial scale twin-screw extrusion production environment. All of the produced materials will
be in sufficient quantity for subsequent characterization.
To complete the stated goals of this project, we have outlined three specific aims, the
significance and rationale for each, our aim-specific hypotheses, the proposed experiments to test
each hypothesis, our expected results, and potential risks.
1.6.4 Specific Aims
1) Develop a solvent-free method for incorporation of unmodified lignin in volumes greater
than 30% into polymer matrices while maintaining or improving mechanical properties.
2) Investigate chemical mechanisms to leverage lignin chemistry for enhancing interfacial
adhesion with polymer matrices.
3) Demonstrate the application of lignin-based thermoplastics as melt-processable matrices
for particle or fiber-reinforced composites.

Aim 1: Develop a solvent-free method for incorporation of unmodified lignin in volumes
greater than 30% into polymer matrices while maintaining or improving mechanical
properties.

Rationale and significance
With growing concern for carbon pollution and the inherently open-loop cycle of the petroleum
industry, lignin and other sources of biomass have become prime candidate feedstocks for the
production of low-carbon and carbon-neutral chemicals and materials.77 One key area of research
has been the development of bio-based polymers and composite materials, and rigid bio-based
plastics and composites have seen increased industry adoption in recent years due to growing
demand for materials with a low carbon footprint. As a low-cost byproduct with a strong aromatic
component, lignin is a promising feedstock for bio-based polymers. To date, lignin has primarily
been treated as a filler material for other polymers. In attempts to treat lignin as a discrete
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copolymer phase, recent research efforts have focused on chemical modification of lignin
feedstocks prior to combining with other polymers, which require energy intensive chemical
separations using solvent-based organic chemistries. Of all these efforts, few have made it to
commercial scale. Development of a method for incorporating unmodified technical lignins in
quantities above 30% would represent a significant advancement for this field and open new
opportunities for the commercial potential of lignin-based thermoplastics and thermoplastic
composite materials.

Hypothesis
Based on previous reports of multiphase polymeric materials with at least one hard phase and
preliminary lignin thermoplastic data, we found that a multiphase thermoplastic material could be
produced with high lignin content (over 30 wt.%) when combined under high shear with a low Tg
polar matrix thermoplastic copolymer, and where melt-stable portions of unmodified lignin will
continue to be melt-processable and add strength to the soft phase. We hypothesize that production
of co-continuous matrices of both lignin and soft polymer having submicron scale lamellae
thickness will yield materials with superior properties than each independent phase.

Experiments
Lignin Characterization - We will evaluate four lignins for their thermomechanical and chemical
properties. Lignins will include one hardwood Kraft lignin, one softwood Kraft lignin, one
hardwood organosolv lignin, and one softwood organosolv lignin. Characterization methods will
include Tg determination via DSC, thermal stability via TGA, and softening point via a Fisher
John’s apparatus. Chemical characterization will include CHNOS content by elemental analysis,
functional group analysis by ATR-FTIR, and functional group and structural analysis by 1H, 13C,
and 31P NMR.

Polymer Blend & Conditions Screening - In a torque rheometer fitted with counter-rotating roller
mixing blades in a heated chamber, these lignins will be combined with a range of copolymer
materials with low to moderate Tg’s. Simple 50:50 mass ratio binary blends will be produced, and
we will evaluate the torque-temperature profiles blends over a range of temperatures, shear rates,
and residence times during processing. In particular, we are looking for materials that fully
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incorporate lignin rapidly and remain thermally stable over a given processing temperature and
shear window. We will also be looking for any changes in torque or exothermic events as possible
indicators of either shear-induced degradation of the materials, or potential chemical reaction
between phases. Copolymers may include butadiene based synthetic rubbers (SBR, NBR, HNBR,
XNBR), isoprene based natural rubbers (NR, ENR), polyethers (PEG/PEO), and polyesters (PHA,
PBS, PCL, PBAT).
Thermomechanical Characterization – Materials produced will be compression molded into flat
specimens using a heated platen press. Cooled samples will have ASTM D638 type V dogbone
specimens cut and tested under constant tensile strain using a universal testing frame. Additional
thermomechanical analysis of the materials will be performed, including TGA for thermal
stability, DSC for Tg and crystallinity determination (if any), DMA for additional information
about molecular motion and Tg, Tensile Testing for bulk mechanical properties.
Lignin-Polymer Ratio Screening – Polymers that show promising results (minimal decrease, or
possible increase in one or more mechanical properties) will be further explored to their response
to different lignin loading amounts, generally from 0 wt.% to 80 wt.% of lignin. We anticipate 12 polymers will be selected for this experiment. Samples will be thermomechanically characterized
as stated above.
Imaging – A select number of samples will be imaged using SEM or TEM to determine the nanoscale morphology of the materials. Ideally, features in the sub-micron range will be resolved to
understand how individual lignin domains aggregate or disperse and distribute when under the
selected mixing conditions and in the presence of different matrix copolymers. Domain sizes will
be measured and overall morphology observed.

Expected results
Lignin Selection – In our past work, hardwood lignins have been shown to be more linear in nature
due to the higher proportion of syringyl units, hindering significant aromatic unit condensation
either in the native lignin structure or resulting from the harsh chemical environments involved in
separations. As such, hardwood lignins from a particular separation process should have a lower
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Tg than their corresponding softwood variants. This may allow for better flow of hardwood lignins
in the melt, compared to softwoods, and make these lignins easier to distribute and disperse during
compounding. Organosolv lignins are reported to have more intact B-O-4 ether linkages, which
may manifest as a material with more chain movement with increasing temperature and as such, a
corresponding lower Tg than Kraft lignins. Again, this may help with better distribution and
dispersion during compounding, similar to the comparison between hardwoods and softwoods.
Conversely, Kraft lignins have thiol groups as a result of the sulfide-based depolymerization
reactions that occur during the Kraft process. These groups may contribute to additional hydrogen
bonding that increases the amount of energy required to disaggregate Kraft lignins, although thiol
hydrogen bonds are weak compared to alcohols.

Polymer Selection - Soft-hard interactions will be very important due to the inherent ductile nature
of low Tg materials. Hard-hard interactions in multiphase materials are good for high-strength
engineering composites where there is good interfacial exchange of stresses, and each phase spans
relatively large distances (i.e. fiberglass epoxy resins). The relatively low molecular weight of
most technical lignins, however, will disrupt the long polymer chains of high Tg brittle materials
without adding significant load-bearing capabilities as found in applications like fiber-reinforced
composites. We believe that lignin will be more compatible with polymers with polar functional
groups, as it is known that lignin self-agglomerates primarily through hydrogen of its polar
groups.103 We also believe that polarity is a more important feature than aromaticity, even though
lignin is highly aromatic and can participate in pi-pi stacking. Pendant functional groups may be a
good addition to traditional polyolefin materials, such as nitrile groups present on nitrile butadiene
rubber. Styrene butadiene rubber may offer some opportunity for pi-pi stacking but the general
lack of any polar groups may be a harder miscibility issue to overcome. There may or may not be
good compatibility with polyethers and polyesters, depending on their glass transition temperature,
as they are good hydrogen bonding acceptors. High temperature processing materials like PET
likely have melt processing ranges above temperatures in which lignin remains thermally stable in
the presence of oxygen.

16

Risks
During these planned experiments, several inherent risks exist. The first is that the selected
lignins may not be compatible with a given polymer at all. For example, from our experience lignin
is not compatible with polypropylene due to the polarity mismatch and the high temperature
required for polypropylene processing. Reports attempting to blend these materials have largely
failed due to the highly polar nature of lignin and very non polar nature of polypropylene. We
anticipate this might be the case with some materials like Natural Rubber or Styrene Butadiene
Rubber. We are addressing this risk by including a broad range of polymers to screen against, with
the first principles intent of understanding the lignin functionality (i.e. number of aliphatic or
aromatic hydroxyl groups) to make judgement calls about appropriate variants for each copolymer
we can use as well (such as increasing nitrile content in NBR or molecular weight in PEO.
The second risk is thermal degradation of the lignins during processing. From our previous
work, we know that most technical lignins begin to degrade in atmosphere when they near 190C.
We also know that some isolated technical lignins have glass transition temperatures in excess of
160C. With the potential of friction-induced heating of a polymer blend during compounding, or
an exothermic reaction, there is little margin for temperature fluctuations in the processing
window. Too hot, and the lignin can rapidly start to offgas and crosslink – eventually charring and
rendering the material useless with inferior properties, regardless of copolymer. We are addressing
this by ensuring we have well collected data on the thermal response of each lignin. We are also
performing a series of temperature, rpm speed, and time-resolved screenings to understand the
boundaries we can push our process. It may be advisable to allow for a longer run time at a lower
mixing speed or starting temperature to achieve the same (or better) outcome.
The final risk to this set of experiments is thermal degradation of the copolymers used.
However, it is highly unlikely that materials like BR or PET will be subject to any thermal
degradation. The processing temperatures of these materials has a window that spans beyond the
temperatures we anticipate each lignin to begin decomposition. As such, there are other polymers
like PHA and PBS that have narrow processing windows similar to lignin. Great care again must
be taken to not induce thermal depolymerization of these polyester materials. The presence of
water and heat is also known to hydrolyze ester bonds and may act against our goals by completely
depolymerizing our copolymer material.
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Aim 2: Investigate possible chemical mechanisms to leverage lignin chemistry for enhancing
interfacial adhesion with polymer matrices.

Rationale and significance - It is well understood in the literature that the chemical functionality
of lignins is dependent on the type of biomass they are extracted from, and the extraction process
used. Our preliminary work from the reactive compounding of a wide range of lignin types and
matrix polymers has shown that the differences in these lignin chemistries has a significant impact
on the compatibility and ultimate mechanical and thermal properties of polymer blends. Early data
has also demonstrated that reactive small molecules can be introduced into a high shear reactive
compounding process to target these different lignin chemistries, impacting polymer blend
morphology and mechanical and thermal properties. An increase in compatibility whether through
addition of a hydrogen bonding promoter or a full chemical grafting between lignin and the
copolymer, should allow for additional lignin to be added to the material or, given the same amount
of lignin as a non-catalyzed formulation, to observe a meaningful change in properties. If one or
more methods can be developed to introduce small molecules into the melt compounding process,
in theory this could be scaled to a full-scale reactive extruder and be of interest for industry.
Hypothesis – We hypothesize that the lignin-polymer compatibility, blend morphology, and
thermomechanical properties can be improved by specifically targeting reactions between lignin
and copolymer functional groups, activated either by the input energy of compounding or the
addition of reactive small molecules during the compounding process.

Experiments
Free Radical Capture & Coupling – In our preliminary work, we explored some multi-component
rubber compounds that included lignins. Largely, the purpose of the work was inspired by
traditional rubber chemistry, including reinforcing materials like carbon black. During this work,
we added dicumyl peroxide (DCP) to the melt that included lignin, rubber, PEO, and carbon black.
We noted that the addition of a thermally activated peroxide like DCP served to initiate a free
radical chain reaction, partially crosslinking the materials but remaining thermoplastic in nature.
We believe that lignin, an excellent radical scavenger, participates in this reaction and ultimately
is grafted to the rubber backbone. During the same set of experiments, data from a swelling study
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of different compositions suggested that some lignins demonstrated crosslinking behavior in
binary only blends of lignin, suggesting that shear-induced free radical generation was possible.
For this experimental section, we will leverage that same data but expand the scope of lignins to
include all 4 used under Aim 1. 50-50 blends of each lignin and the best performing rubber
compound from Aim 1 will be created with and without DCP as a radical initiator under similar
high-shear compounding conditions. These samples will be compared with neat rubber with and
without the radical initiator under the same processing conditions. Samples will be characterized
by the same procedures in Aim 1. Additionally, we will use ATR-FTIR to attempt to observe any
changing bonds between neat and compounded materials.
Hydrogen Bonding – In the same preliminary work involving emulating traditional rubber
compounding, we also explored the use of hydrogen bonding additives to increase the
compatibility between all phases. Boric acid, or occasionally sodium tetraborate (Borax), is a
compound that participates in well-known transient hydrogen bonding with polymers containing
heteroatoms like oxygen that are hydrogen bond acceptors. Boric acid B(OH)3 has the interesting
property that each of its 3 hydroxyl groups behave chemically like carboxylic acids and are strong
hydrogen bonding donors. Through this mechanism, the popular “slime” material can be made by
combining polyvinyl alcohol, the primary ingredient in school glue, with an aqueous borax
solution. This material can be pulled apart and re-joined due to the transient nature of the bonds
created by the boric acid or the tetraborate B(OH)4- anion bridging multiple polymer chains. In our
work, we observed that boric acid did indeed create some of this hydrogen bonding effect,
evidenced by a measurable increase in tensile modulus of some materials. It was noted then,
however, that the effect was different depending on the type of lignin used. For this experimental
section, we will again leverage some of that data and expand the scope of the lignins used to
include the same 4 used in the previous experimental sections. For each we will again use a 50:50
lignin polymer blend ratio, with the same rubber copolymer used in the Free Radical Coupling
section of Aim 2. We will demonstrate multiple loadings of boric acid, and additionally will
incorporate citric acid as a similar tricarboxylic acid molecule to see if similar results are possible.
Samples will be characterized by the same procedures in Aim 1. Additionally, we will use ATRFTIR to attempt to observe any changing bonds between neat and compounded materials.
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Expected results Additive-Free Chemistry – For all of the systems proposed that do not require any additives to be
introduced (shear-induced free radical generation and capture and thiol-ene click reaction), lignin
chain mobility will be important. We believe that hardwood species, generally having less
condensed G-type subunits and more linear S-type subunits, will have more chain mobility and
thus more degrees of freedom to interact with the fixed functional groups or radicals that will be
present on the copolymer chain. For the free radical initiation, a significant amount of shear or
temperature may be necessary to generate enough free radicals that can be captured by lignin and
thus, graft those materials to the polymer chain. We do expect that there will be some measurable
crosslink density from a swelling experiment. By using a hardwood and softwood organosolv, we
anticipate that the hardwoods will still be less reactive, however, due to the fact that there will be
less free H- and G- type subunits that can capture a free radical and bond with the copolymer. In
the thiol-ene reactions, we do not anticipate any presence of sulfur-based linkages in the two
organosolv lignins. We do believe that the softwood Kraft lignin again will show more reactivity
than the hardwood Kraft, because the availability of both thiol groups *and* free radical capturing
locations will contribute more to the interaction between lignin and the rubber copolymer than any
advantage the hardwood lignin would have simply from being a more flexible molecule.
Additive/Catalyst Chemistry – For our experiments with additives (adding a free radical initiator,
adding a hydrogen bonding additive, adding a transesterification catalyst), we expect results to be
highly dependent on the copolymer. The addition of a free radical initiator like DCP should, in
theory, create more reactivity and generate more polymer-polymer and polymer-lignin crosslinks
in the presence of a diene-based rubber material, whether natural or synthetic, than one of the
planned polyesters. This assumption is primarily based on the presence of double bonds in the
rubber backbone that should easily stabilize the radical reactive species, compared to the necessity
of a C-H radical activation most likely in the polyesters. As mentioned in the Additive-Free
section, we believe that the softwood Kraft material would exhibit the most reactivity between
lignin and polymer in the presence of DCP as an additive. Addition of boric or citric acid may have
moderate impact on the binary lignin-rubber compositions, if the rubber chosen is NBR, XBR, or
ENR, or if an oxygen-containing copolymer is used such as PEO was in our preliminary work. In
the presence of a polyester, we anticipate a more pronounced effect than with the rubber materials.
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With regard to activity related to lignin type, that is highly dependent on the characterization of
the lignin itself. We assume that a lignin with a higher free hydroxyl count would participate the
most in hydrogen bonding with a copolymer, however it is unknown what the contribution of weak
hydrogen bonding there may be due to thiol groups in Kraft lignin. Lastly, we believe that the
aliphatic and aliphatic-aromatic polyesters will participate best with more linear hardwood lignins
in the presence of a transesterification catalyst. The more linear nature in theory would minimize
the number of 3+ side chain reactions that may be common in softwood lignin molecules, as the
hardwood lignin is less branched yet more flexible. Regarding the type of catalyst used, a liquid
acid catalyst may be the easiest to add. For all catalysts, however, dryness and removal of any
complementary hydroxyl or alcohol groups will be necessary, to avoid simply hydrolyzing the
various bonds in the copolymer.

Risks
There are several risks inherent in the proposed chemistries. The first risk is that lignin
materials will not sufficiently disaggregate and present enough surface area for reactivity between
the lignin and copolymer phase. Lignin molecules are bulky in their own right, and even moreso
when they are aggregated. By using more compatible polymers, we believe that the functional
groups will be more present on the surface of the aggregates and thus, more accessible for reaction.
Additionally, overcoming the internal lignin hydrogen bonding, as with any of these blends, will
be important as well.
New for this aim is the potential that certain added catalysts could be *too* effective. Addition
of a radical initiator like DCP may cause excessive crosslinking of the copolymer, or of the
copolymer and lignin together, creating a more thermoset type material. If this happens, we would
lose out on a primary goal of this proposed research, which is to create thermoplastic materials
that can be further processed. Also at risk here is that, for the transesterification reactions, the
catalysts could graft to too much of the lignin, effectively chopping the long polymer chains into
much smaller pendant pieces on lignin. While interesting, this would not be the intended outcome.
Similarly, if there is water or alcohol present, failure to adequately remove that could simply turn
the transesterification reactions into hydrolysis reactions, effectively depolymerizing any
copolymers. Additional risks, as mentioned in the risks section for Aim 1, are that the lignin and
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copolymer thermally decompose. Appropriate temperature, shear, and residence time should
mitigate this.

Aim 3: Demonstrate the application of lignin-based thermoplastics as melt-processable
matrices for particle or fiber-reinforced composites.

Rationale and significance - In industry, many thermoset elastomers are used to create flexible
composite materials with chopped, oriented, or woven fibrous materials, as well as with particulate
fillers. While these materials are versatile for many commercially viable products, they are
inherently difficult to recycle as the polymer matrix materials cannot be re-molded. In some of
these materials, it can be difficult to achieve sufficient fiber-matrix or particle-matrix adhesion due
to incompatibilities between polar synthetic materials like nylon and non-polar elastomeric
matrices like butadiene rubber. In addition to the challenges with many fiber-laminate and
particulate elastomeric composites is concern for end of life. Thermoset elastomers are inherently
not thermally or mechanically recyclable and generate waste. There is a growing industrial interest
to move to more recyclable materials, and start with more sustainable and renewable starting
materials, including those derived from biomass. In this experiment, we plan to demonstrate that
some of the rubber-based lignin elastomers produced in Aims 1 and 2 of this experiment can serve
as a thermoplastic elastomer matrix to be reinforced by fibers and particles. Natural cellulosic
fibers are very strong and have an abundance of polar surface groups and should be compatible
with our polar materials. Similarly, carbon black particles and chopped carbon fibers are wellknown reinforcing materials, and each also has an abundance of polar surface groups. We plan to
demonstrate these materials from Aim 1 and Aim 2 can be reinforced by particulate materials,
chopped fiber, and woven fiber. A particular focus will be on the use of natural fillers and
reinforcement materials that are biodegradable or bio-benign at the end of their life. There exists
an underserved opportunity to create bio-based flexible composite materials that are designed to
be recycled or even composted when their useful lifespan has elapsed.
Hypothesis – We hypothesize that lignin-based thermoplastic elastomers can be compounded with
particulate, chopped fiber, and woven fiber reinforcements to produce durable and strong flexible
composites with a high degree of filler-matrix compatibility.
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Experiments
Particulate Reinforced Composites – Using formulations adapted from Aim 1 and Aim 2, we will
evaluate the compatibility of one lignin thermoplastic elastomer compounded with particulate
materials. Particulate reinforcing materials we will use are carbon black, fumed silica, and
bentonite or a similar aluminosilicate. Carbon black is one of the most common pigments and
reinforcing agents for elastomeric materials on the market today. A large majority of carbon black
produced ends up in tires for transportation applications, as well as belts and hoses for a number
of industries. Fumed silica is similar to carbon black, as it is composed of small spheres of silica
that are often “linked” in short chains. Unlike carbon black, fumed silica is less hazardous in the
event of bulk exposure. The last particulate material we will test will be bentonite or some similar
aluminosilicate. These clay particles generally have a platelet shape and as such can reinforce over
short distances. Using one standard lignin-polymer formulation, we will attempt 3 different
loadings of each sample. Samples will be characterized by the same procedures in Aim 1. In
addition to standard characterization, the fracture surfaces of these composites will be evaluated
using an optical or electron microscope.
Chopped Fiber Reinforced Composites – Using formulations adapted from Aim 1 and Aim 2, we
will evaluate the compatibility of one lignin thermoplastic elastomer compounded with chopped
fibers. Chopped fibers are regularly found in many thermoset and thermoplastic composite
applications. Fiberglass resins are some of the most widely used thermoset materials. There is a
growing amount of research and application in industry of chopped carbon fiber or chopped glass
fiber reinforced thermoplastics. Depending on the thermoplastic matrix, these can be used to
injection mold or thermoform very lightweight but very strong structural parts for things like
automotive seating, automotive paneling, decorative panels, and more. For this experiment we will
use one chopped or milled organic fiber such as hemp, flax, or switchgrass, chopped carbon fiber,
and chopped glass fiber. Three loading ratios will be used for each fiber type. Samples will be
characterized by the same procedures in Aim 1. The aspect ratio of these fibers will be analyzed
using an optical or electron microscope, as will the fracture surfaces of the composites. Successful
wetting of each fiber type is an early indicator of success.
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Woven Fabric Reinforcement – Again using formulations adapted from Aim 1 and Aim 2, we will
evaluate the compatibility of one lignin thermoplastic elastomer compounded with woven fibers.
Woven fiber composites are recognizable in everyday objects like conveyor belts and hoses.
Generally, these materials are multi-layered laminates. Fabrics are generally laid up in alternating
layers with matrix material in between, and the fabrics are rotated at fixed angles depending on
the number of layers. Rotating the woven fabrics allows for stresses to be oriented along multiple
axes. For these materials, successful wetting of the fibers and interfacial adhesion is necessary to
allow the woven fabric to dissipate the load experienced by the specimen or part. In our
experiment, we will use a fine woven cotton fabric from a regular t-shirt, a coarser woven hemp
fiber fabric, and lastly a very coarse jute burlap fabric. As each of these fabrics’ fibers increase in
diameter, so to do their bound lignin contents. To fabricate these samples, they will be laid up in
frames in a 2 ply (0, 90) and 4 ply (0, 45, 90, 135) construction. Fabric samples will be 8-10 inches
square and will be lightly stitched together so they do not slide apart during composite fabrication.
Thin sheets of prepared lignin elastomer will be interlaid between the fabric sheets, including one
top and one bottom sheet. These sheets will be smaller (5-7 inches) than the fabric square. The
entire assembly will be laid up on a steel or aluminum sheet and shims placed in a square around
the entire layup to control thickness of the final part, and the entire assembly will be heated and
compressed, creating a final molded specimen. Samples will be characterized by the same
procedures in Aim 1. The aspect ratio of these fibers will be analyzed using an optical or electron
microscope, as will the fracture surfaces of the composites. Successful wetting of each fiber type
is an early indicator of success, as well as penetration across all layers.

Expected results
Lignin polymer alloys, like most other polymeric systems, will be compatible with reinforcing
fillers – both particulate and fiber based. Short aspect ratio fillers like carbon black, fumed silica,
and an aluminosilicate clay will provide overall isotropic reinforcement. Long aspect ratio fillers
like fibers will provide anisotropic reinforcement depending on the method that specimens are
prepared. Continuous fiber fabric weaves will also provide anisotropic reinforcement of the
materials under tensile strain. Multi-layer laminates will allow for reduction of anisotropy by
purposefully distributing the orientation of fibers. Carbon fiber and carbon black materials are
often highly polar on their surfaces, depending on processing conditions. The functional groups
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present (-OH, -COOH,- epoxy) should increase compatibility with polar polymers, as well as
lignin. Natural fibers also should be compatible with polar polymers (natural fibers are usually
cellulosic in nature and thus, exhibit polar groups and heteroatoms). These materials may also have
naturally bound lignin contents, especially for unbleached fibers. This lignin contents should
further allow for increased compatibility with lignin-polymer matrices. The rheology of ligninbased polymer alloys will serve as a predictive measure for their ability to sufficiently wet and
flow through interstitial openings in woven fiber fabrics. We can demonstrate this with capillary
rheology and compare it to other materials known to have the same penetration ability. Finer fibers
will provide more surface area and thus produce better compatibilized composite materials.

Risks
There are 3 primary risks for these proposed experiments. The first is poor wetting or surface
interaction of the composite additive by the lignin polymer matrix. In the event that there is a
polarity mismatch, the reinforcing material can fail to carry any applied load and dissipate energy.
By choosing reinforcing materials that are polar, we should minimize risk of poor miscibility.
Another factor is the viscosity of the lignin-polymer material during the compounding of the
composite. If the viscosity is too high, the material may fail to adequately make contact with all
surfaces of each particle and can create voids which will prematurely weaken the composite part.
The second risk relates to the particulate or fiber additives. There is a chance that there is poor
dispersion and distribution of these materials. Depending on the loading amount, some
reinforcement materials can go through a concentrated phase when added, get dispersed, but then
re-aggregate. Either avenue toward poor dispersion or distribution is undesirable. To address this,
we are evaluating 3 different loading amounts of each reinforcing material.
The third risk relates to the potential destruction of the integrity of the matrix materials. Too much
filler may embrittle the material, causing it to lose cohesion across a larger span and as such, the
material can just simply fall apart or crumble. To address this, we will be varying the amount of
each reinforcement material (other than the fabrics).
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CHAPTER 2. AN APPROACH TOWARDS TAILORING INTERFACIAL
STRUCTURES AND PROPERTIES OF MULTIPHASE RENEWABLE
THERMOPLASTICS FROM LIGNIN-NITRILE RUBBER
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2.1

Abstract
Lignin-derived thermoplastics and elastomers with both versatile performance and

commercialization potential have been an elusive pursuit for the past several decades. Lignin
content has been limited to about 30 wt. %, often requiring chemical modification, solvent
fractionation of lignin, or prohibitively expensive additives. Each of these factors is a deterrent to
industrial adoption of lignin-based polymers, limiting the potential of this renewable resource.
Herein we describe high-performance multiphase thermoplastics made with a blend of 41 wt. %
unmodified industrial lignin and low-cost additives in a matrix of general-purpose acrylonitrilebutadiene rubber (NBR). Hardwood soda lignin (HSL) and softwood Kraft lignin (SKL) were
blended under high shear conditions with NBR, carbon black (CB), polyethylene oxide (PEO),
boric acid (BA), and dicumyl peroxide (DCP). This combination with SKL lignin in the proper
proportions resulted in a thermoplastic with a tensile strength and failure strain of 25.2 MPa and 9
%, respectively; it exhibited an unexpected tensile yield, similar to that of ABS, a commodity
thermoplastic. The analogous HSL lignin compositions are tough materials with tensile strengths
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of 7.3–16.7 MPa and failure strain of 80–140 %. The contrasting ductility and yield stress behavior
were analyzed based on the compositions’ morphology and interfacial structure arising from the
chemical nature of each lignin studied. The roles of CB as a reinforcement in the rubbery phase,
DCP and BA as cross-linkers to create multiphase networks, and PEO to promote the adhesion
and compatibility of lignin in commercial-grade NBR are also discussed in detail.

2.2

Introduction
Increasing marketplace volatility, resource scarcity, and global climate change have created an

immediate need to replace carbon-polluting, petroleum-derived products with nonfood,
biorenewable alternatives. Lignin, a major component of biomass and the least valued coproduct
of the paper and biorefining industries, is a promising feedstock to address this issue

11, 104

.

Significant interest has been shown in creating pharmaceuticals, fuels, and plastics from lignin. In
the recent past, researchers have demonstrated that lignin can be used directly to create a number
of plastic resins, but most have had lignin content below one-third of the total composition weight,
have required additional chemical modification steps to induce compatibility with blend polymers,
or have exhibited reduced final mechanical properties 83, 84. In many cases, lignin has been used as
low-cost diluent filler in polymer matrices with an emphasis on reducing the negative impacts of
lignin addition, rather than on using it to improve performance.
The coarse morphology of lignin-filled polymer systems can be described as a combination of
spaghetti-like polymer chains or strands and meatball-shaped lignin aggregates (Figure 2). Flexible
polymers do not adhere to lignin without some sort of dipole, ionic, or covalent bonding
interaction; without it, composites easily fall apart under thermal, shear, or mechanical strain.
When properly bound, however, lignin can impart significant rigidity to the softer polymer,
improving mechanical properties. In the past, we reported two thermoplastics that used the inherent
functionality of lignin to create covalently bound networks with a suitable copolymer. These
plastics, a polyester
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and a polyurethane
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, represented a significant step forward into using

unmodified technical lignins, but the produced materials had poor mechanical properties, leading
us to seek alternative approaches to make use of lignin as a feedstock for next-generation
bioplastics.

28

Figure 2. Spaghetti and meatball morphology of lignin–polymer blends, very similar to the morphology of
thermoplastic elastomers like Styrene-Butadiene-Styrene (SBS) block copolymer in which the hard polystyrene
segment (meatball) is covalently bound to the flexible polybutadiene segment (spaghetti).
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Previous methods to produce lignin-based polymers have required a number of chemical
modification steps using in-solution reactions. This approach introduces solvent waste, requires
energy- and time-intensive separations and solvent removal, and renders most formulas costprohibitive to industry (Figure 3A). Our new method exploits the inherent reactivity and large
interfacial volume of nanodispersed lignin molecules to react with a variety of host polymers and
additives in the melt phase, using a suitable blend polymer as both a viscous solvent and a matrix
for the final composite material. The reactive processing method we have developed allows for
combining all components in a single reactor vessel (melt-mixer or extruder, in this case), saving
time and energy, and eliminating unnecessary and wasteful chemical pretreatments and separations
(Figure 3B).
In much of the previous work, lignin has been used as a catch-all term. We presume this
mindset to be detrimental to the advancement of lignin-based polymers and other value-added
products. Individual technical lignins vary greatly, and characterization based on their as-received
state is very important. Variation of lignin extraction methods
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all produce different

characteristics, the chemistry of each dictating the ability of these lignins to interact favorably or
unfavorably in polymer blends. In addition, different plant species each also produce lignins with
a high variability in functional groups, with phenols being some of the most abundant and most
useful (Figure 4).3
In the past, researchers used chemical modification to overcome the incompatibilities of lignins
used in some polymer work, often because their detailed characterization and understanding of
their self-assembly were not considered. In other attempts, lignin–polymer blends were well
characterized but lignin loading was very low (1 %), materials were cast from solvent, and the
lignin was simply described as “Kraft” with no indication of biomass source
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. This is not

representative of material that could be produced using commercial processes, as there is no
accounting for miscibility changes due to temperature or high shear. Indeed, in most of the work
lignin is treated as a material accessible only through dissolution in solvents, when in reality a
number of lignins are melt processable 108. Understanding this has guided us toward more energyefficient methods of incorporating lignin into polymers at significant loadings via meltcompounding and reactive processing for enhanced compatibility. For this processing method, it
is important to understand how the type and source of lignin affect strength and toughness of the
compounded material.
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A

B
Figure 3. (A) Conventional methods to create lignin–polymer blends or multiphase lignin copolymers required
batch chemical modification of lignin in organic solvents, creating waste, followed by reaction with other
organic polymer substrates in solution or melt. (B) Our method involves the proper selection of host polymer
and/or additives in the molten state to form unique polymer morphologies having superior performance in a
semi-continuous operation without the use of solvents.

Figure 4. The three primary phenylpropanoid lignin subunit precursors. The subunits have the designations
H, G, and S to represent their condensed structures; H: p-hydroxyphenyl (paracoumaryl alcohol), G: guiacyl
(coniferyl alcohol), S: syringyl (sinapyl alcohol). Other groups, including proton, vinyl, hydroxyl, carboxyl,
carbonyl, and additional methylene-bridged subunits connected via β-O-4, β-5, β-β and other linkages may
occur at the α,β, and γ sites.11 The unoccupied 5 position prevalent in G-type subunits – the dominant subunit
in softwood lignins, is significant in this work.
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The toughening of brittle thermoplastics by combination with elastomeric fillers is a wellknown art, as well as filling elastomeric materials with rigid thermoplastics to improve modulus
and tensile strength 109. Some recent work in the reinforcement of epoxidized natural rubber with
bio-based PLA was shown to increase tensile strength and modulus at the cost of reduced
elongation 110. In particular, this rigid reinforcement also resulted in nearly a 10-fold improvement
in impact strength of blends over that of neat PLA. The aromatic structure of lignin makes it an
inherently rigid and often brittle material, but melt-processable fractions are a promising feedstock
for dispersing as a reinforcing filler in otherwise soft rubber materials. Experimental data has
shown this to produce poor performance materials unless either the lignin is surface modified or
an adhesion promoter is used 111, 112. Our recent work showed that the combination of a melt-stable
fraction of lignin and a nitrile rubber (NBR) of high acrylonitrile content (40–50 %) resulted in a
thermoplastic elastomeric product with significant yield stress and strain hardening at large
deformation.
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This high acrylonitrile content resulted in excellent compatibility with multiple

lignins without the need for surface modification or adhesion promoters. The requirements of both
specialty NBR with high acrylonitrile content and solvent-fractionated, melt-stable lignin oligomer
prohibit the direct use of lower-cost technical lignins and low acrylonitrile, commodity NBR to
produce these molecularly engineered products. Other recent efforts to use lignin as a significant
component in polymer blends or graft copolymers have resulted in a number of elastomeric
compositions, including shape-memory materials.114 Some of the compositions show great
promise for the production of complex materials due to their ability to be handled as a viscous
liquid prior to curing. These materials demonstrate that it is possible to incorporate lignin at greater
than 40 wt. %, however they are thermoset materials and are not yet demonstrated as recyclable.
This motivated us to study alternative compositions with as-received lignin (i.e., without
fractionation) and general-purpose NBR (i.e., not needing the use of high acrylonitrile content
rubber). An example of commodity NBR is one that contains 33 mol % acrylonitrile (NBR-33).
Our method to increase the mechanical properties of NBR matrix uses either hardwood or
softwood lignin as a reactive thermoplastic hard segment instead of treating it as a diluting filler
material. Since our aim is to use commodity NBR, interfacial adhesion promoters for the lignin
and rubber phases are desirable. We also attempted to increase rigidity in the rubber and induce
elasticity in the lignin by introducing intermolecular cross-linking agents. In summary, our
approach involves (i) cross-linking chemistry of both rubber and lignin phases by use of an organic
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peroxide
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and boric acid
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respectively; (ii) reinforcement of rubber by the addition of

carbon-based reinforcing filler (N330 grade equivalent carbon black)117; and (iii) use of an
interfacial adhesion promoter for acrylonitrile-containing polymers and lignin in the form of a high
molecular weight polyether24, 27. Use of these additives was studied to achieve our goals of
producing high lignin content modified NBR compositions that are simultaneously stiff and tough.
We also sought to understand if the generic type of biomass from which the lignins are isolated
affects interaction with the NBR matrix, the additives proposed here, and the properties of the
resulting multiphase polymers. Ultimately, our results demonstrate that the bio-based nature of
lignin and the lack of any need for organic solvents opens new doors into research for high lignin
content, green polymer blends with exceptional mechanical properties by adhering to the 12
Principles of Green Chemistry and Engineering118.

2.3

Experimental

2.3.1 Materials & Reagents.
NBR (Krynac® 3330F, 33 % acrylonitrile content) was obtained from Lanxess Buna LLC
(Pittsburgh, PA). Carbon black (CB, VULCAN® M, N330 grade) was obtained from Cabot
Corporation (Alpharetta, GA). Dimethylformamide (DMF), and tetrahydrofuran (THF) were ACS
grade and purchased from Fisher Scientific. Deuterated solvents were purchased from Cambridge
Isotope Laboratories. Trioxane, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane, endo-Nhydroxy-5-norbornene-2,3-dicarboximide, chromium (III) acetylacetonate, polyethylene oxide
(PEO, Mn ~ 5,000,000), dicumyl peroxide (DCP), and boric acid (BA) were purchased from Sigma
Aldrich. Hardwood soda lignin (HSL) was provided by Domtar, Inc. (Kingsport, TN). Softwood
Kraft lignin (SKL) was provided by Domtar, Inc. (Plymouth, NC). Lignins were dried under
vacuum at 80 °C for 24 hours prior to use. All other materials were used as received.
2.3.2 Lignin Characterization.
Lignin functional groups were characterized and quantified by
preparation and analysis methods previously reported.

119, 120
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C and

31

P NMR using

NMR Spectra were recorded on a

Bruker AVANCE 500 MHz spectrometer at 25 ºC. Lignin molecular weights were determined in
DMF with size exclusion chromatography (SEC) on a Waters GPC II Liquid Chromatograph
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equipped with a Model 590 Pump and R401 Differential Refractometer. Polystyrene standards
were used with Waters Styragel® 4E and 5E mixed bed columns.
2.3.3 Reactive Mixing and Torque-Rheological Characterization of Lignin-Rubber
Composites.
Melt-mixing of NBR composite blends was conducted at 140 ºC and 50 rpm using a Brabender
Plasti-Corder® torque rheometer fitted with a half-size (30 cc) mixing bowl and high-shear, twin
roller blade attachment. A general procedure for the preparation of a composite is as follows. NBR
was masticated for 2 min in the preheated mixer to bring to working temperature, followed by the
addition of CB for 6 min. At 8 min, lignin and PEO powders were gently mixed in a plastic weigh
boat and added to the mixer. At 20 min, BA was added to the mixer, followed by the addition of
DCP at 24 min. Mixing was stopped at 36 min, followed by removal of the composite with brass
tools and air cooling of the mixed mass. The amount of PEO, BA, and DCP varied across each
sample. All composite blends had a mass between 25 and 26 g. Time-resolved temperature and
torque data were collected for each run.
2.3.4 Compression Molding and Specimen Preparation.
The bulk masses of mixed composite materials were placed in a 80 mm × 80 mm × 1.5 mm
aluminum frame, covered with a Teflon-coated glass fiber mat as a release surface, and pressed
between flat hot platens at 190 ºC and 30,000 psi in a laboratory heat press for 30 min. Following
water cooling under pressure to room temperature over 15 min, the molded coupons were removed
from the press and the aluminum frame. Ten dumbbell-shaped tensile testing specimens were cut
from the resulting coupon using an ASTM D638-V die.
2.3.5 Tensile Testing.
Specimens were tested on an MTS Alliance RT/5 twin screw tensile tester equipped with a
2000 kN load cell, precision extensometer, pneumatic grips, and a crosshead speed of 500 mm/min
(per ASTM standard D412). Tensile modulus, yield stress and yield elongation (if any), failure
stress, and elongation at break were recorded. Results reported are the average of at least five test
specimens. Samples that failed outside of the gauge area were not included in analyses.
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2.3.6 Sample Swelling, Gel Content, and Gel Composition Analysis.
Disc-shaped specimens were cut from each 1.5 mm compression molded sheet with a 9/16”
round leather punch, each having a mass of ~300 mg. Discs were immersed in 50 mL of THF for
24 hours, with masses recorded at intervals up to 240 minutes (4 hours) at which point swelling
had equilibrated. After swelling, samples were dried at 80 ºC for 24 hours and final masses
recorded to determine gel content of each sample. Total gel content for each sample is reported as
the average of three measurements.
2.3.7 Thermal Analysis.
Calorimetric analysis of composite blends was completed using a TA Instruments Q2000
differential scanning calorimeter (DSC) under nitrogen flow of 50 mL/min. Samples of ~8 mg
were heated to 190 ºC and held for 10 min to erase thermal history, cooled to −75 ºC, then heated
to 250 ºC. All heating and cooling rates were 10 ºC/min. PEO crystallinity and Tg’s were
determined with TA Universal Analysis software. Thermogravimetric analysis (TGA) of each
blend was completed using a TA Instruments Q500 thermogravimetric analyzer under nitrogen
and air. Samples of about 5 mg were heated to 105 ºC and held for 10 min, cooled to 25 ºC, and
heated to 800 ºC at a rate of 10 ºC/min. Dynamic mechanical analysis (DMA) was performed using
a TA Instruments Q800 fitted with a dual cantilever clamp. Samples were hot pressed at 190 ºC to
films about 0.4 mm thick and cut into 5 mm × 30 mm strips. Testing was performed at a frequency
of 1 Hz, an oscillating amplitude of 0.1 % strain, and a heating ramp from −75 to 250 ºC at a rate
of 3 ºC/min.
2.3.8 Electron Microscopy.
Thin sections of samples were obtained at −70°C using a Leica ultramicrotome equipped with
a cryochamber and a diamond knife. Sections were picked up on lacey carbon copper grids
obtained from Electron Microscopy Science and analyzed using a Zeiss Libra 120 transmission
electron microscope at an operating voltage of 120 kV.
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2.4

Results & Discussion

2.4.1 Lignin Characterization
Lignin molecular weights were determined by SEC. SKL was found to have Mn = 5,587; Mw
= 195,956; and a PDI of 35.1. HSL was found to have Mn = 2,987; Mw = 160,784; and a PDI of
53.8. Lignins were characterized by 13C and 31P NMR using the most current methods for sample
preparation and data acquisition 119, 120 and the results are summarized in Tables 1-2.
The results (Table 1-2) correlate with expected functional group quantities based on the general
subunit prevalence as explained earlier, showing a higher concentration of methoxy groups, 5substituted phenolic structures, and general oxygen-containing moieties in the HSL sample. As
expected from the lignin biological origin, HSL contains significant amount of S-units that
naturally results in a higher amount of OMe-groups and protonated aromatic carbons (Ar-H). Also
expectable (but not always), the degree of condensation (DC) of SKL is significantly higher than
that of HSL. In addition, HSL has relatively high amount (for pulping lignins) of carbohydrates.
The most substantial difference between SKL and HSL is significantly higher amounts of
aliphatic OH groups in the SKL, especially by the 13C NMR data; this difference will be even
higher if one subtracts the contribution of carbohydrates OH (carbohydrates contribute with
approximately 10 aliphatic OH per 100 Ar meaning that true lignin aliphatic OH in HSL will be
44-10=34/100 Ar). Considering that HW native lignins have higher amounts of aliphatic OH than
native SW lignins120, this indicates that the hardwood lignin underwent more severe
transformations during pulping than the softwood one. This is also supported by the amount of O-4 units; although the value are the same in HSL and SKL, the amounts of -O-4 units in native
HW lignins are significantly higher than that in SW native lignins and, therefore, more -O-4
moieties were cleaved during the pulping of the hardwood feedstock.
The results (Table 1-2) correlate with expected functional group quantities based on the general
subunit prevalence as explained earlier, showing a higher concentration of methoxy groups, 5substituted phenolic structures, and general oxygen-containing moieties in the HSL sample. As
expected from the lignin biological origin, HSL contains significant amount of S-units that
naturally results in a higher amount of OMe-groups and protonated aromatic carbons (Ar-H). Also
expectable (but not always), the degree of condensation (DC) of SKL is significantly higher than
that of HSL. In addition, HSL has relatively high amount (for pulping lignins) of carbohydrates.
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Table 1. 13C NMR functional group analysis of lignins
Lignin Functional Groups per 100 Ar
ID

CO CO
NC* Conj

CO
Total

COOR
NC*

COOR
Conj

SKL
HSL

6
6

5
9

11
15

13
18

1
2

ID

OH
Pr

OH
Sec

OH
Aliph
Total

PhOH
5-Free

PhOH
5-Subst

SKL 37
HSL 25

22
19

59
44

40
19

38
65

COOR
OMe ArH
Total

DC,
%†

S/G

82
46

N/A
1.38

72
73

PhOH Total H
β-O-4 β-5
Total OH Units

β-β

14
20

87
136

78
84

137
128

218
196

3
3

6
6

Oxygen. Satur.
Sugars
Aliph. Aliph.

2
1

2
2

106
110

Side
MAr
Chain
g/mol
Length
203
218

Lignin Functional Groups in mmol/g
CO
conj

CO
total

COOR
nc*

COOR
conj

SKL 0.40
HSL 0.34

0.28
0.39

0.74
0.87

0.06
0.10

OH
Pr

OH
Sec

PhOH
5-free

PhOH
5-subst

SKL 2.18
HSL 1.20

1.30
0.91

0.68
0.73
OH
Aliph
Total
3.48
2.12

2.36
0.91

2.24
3.13

ID

ID

CO
NC*

COOR
Oxygen. Satur.
OMe ArH
Sugars
tot
Aliph. Aliph.
0.79
0.97

5.14 12.9
6.54 9.40

PhOH Total H
total
OH units
4.61
4.04

8.09 0.18
6.16 0.14

4.25
3.49

6.26
5.29

0.09
0.24

β-O-4

β-5

β-β

0.35
0.29

0.12
0.05

0.12
0.10

Table 2. 31P NMR functional group analysis of lignins
Lignin Functional Groups in mmol/g
PhOH
ID
Aliphatic OH
Total OH
COOH
5
G non
PhOH
H
substituted condensed
total
SKL
2.17
1.83
2.16
0.16 4.16
6.33
0.57
HSL
1.76
3.07
0.95
0.07 4.10
5.86
0.71
120
*non-conjugated; †degree of condensation
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1.5
5

169
208

The results (Table 1-2) correlate with expected functional group quantities based on the general
subunit prevalence as explained earlier, showing a higher concentration of methoxy groups, 5substituted phenolic structures, and general oxygen-containing moieties in the HSL sample. As
expected from the lignin biological origin, HSL contains significant amount of S-units that
naturally results in a higher amount of OMe-groups and protonated aromatic carbons (Ar-H). Also
expectable (but not always), the degree of condensation (DC) of SKL is significantly higher than
that of HSL. In addition, HSL has relatively high amount (for pulping lignins) of carbohydrates.
The most substantial difference between SKL and HSL is significantly higher amounts of
aliphatic OH groups in the SKL, especially by the 13C NMR data; this difference will be even
higher if one subtracts the contribution of carbohydrates OH (carbohydrates contribute with
approximately 10 aliphatic OH per 100 Ar meaning that true lignin aliphatic OH in HSL will be
44-10=34/100 Ar). Considering that HW native lignins have higher amounts of aliphatic OH than
native SW lignins120, this indicates that the hardwood lignin underwent more severe
transformations during pulping than the softwood one. This is also supported by the amount of O-4 units; although the value are the same in HSL and SKL, the amounts of -O-4 units in native
HW lignins are significantly higher than that in SW native lignins and, therefore, more -O-4
moieties were cleaved during the pulping of the hardwood feedstock.
Although the amount of total phenolic OH (PhOH) is similar in both lignins, the amounts (and
ratio) of 5-substituted PhOH (S-units and 5-condensed G-units) and 5-free PhOH (G-noncondensed) are significantly different; SKL has significantly higher amount of non-condensed Gunits (more than twofold) where 5-position is available for various chemical reactions. Overall,
the lower DC in the HSL samples, rendering those chains less crosslinked and more flexible, and
higher concentration of 5-substituted phenols in HSL samples supports our findings that HSL
composites have lower tensile strength but better ductility due to a reduction in reactivity with
NBR and a generally more flexible chain. These findings are discussed in detail in the following
sections.
2.4.2. Mechanical Properties of Multicomponent Lignin Elastomers
2.4.2.1 Lignin–NBR melt-processable rubber before and after partial cross-linking of rubber.
Tensile testing of the lignin–polymer composites containing 40–55 % lignin by mass showed
a wide range of properties depending on the additives chosen and the type of lignin used. The
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compositions studied are shown in Table 3. The base rubber is NBR containing 33 mol %
acrylonitrile (NBR-33); without any additives or thermal and shear history, this material exhibits
less than 1 MPa tensile strength.
Our prior study 113 with blends of NBR-33 and lignin suggests that use of lignin increases the
modulus of the binary blends; however, at significantly high lignin loading the ductility of the
composition deteriorates. Binary lignin/NBR blends of 40/60 to 60/40 wt. % ratios offered good
mechanical properties. In this study we describe the effect of lignin in NBR-33 blends, cured and
uncured, and with and without additives. The compositions shown in Table 3 use units of additive
loadings in parts per hundred rubber (pphr).
Tensile testing of molded specimens shows that for a binary blend of NBR and SKL (blend
SKL1, 120 pphr lignin), there is a unique interaction resulting in peak tensile strength of 3.7 MPa
and 525 % elongation at break, indicative of cross-linked structure formation with some degree of
reinforcement. This behavior is different from that of neat NBR or its analogous binary blend with
HSL (1.3 MPa, >2500 % elongation) (composition HSL1). Apparently SKL offers better
interaction with the NBR matrix.
DCP is a well-known rubber cross-linking peroxide 110, 115. The low amount of 2.5 pphr was
intentionally selected so the final materials could be processed over multiple thermal cycles,
indicative of thermoplasticity, and not become thermosets, as rubber-based compounds
traditionally are prepared. The addition of DCP resulted in improved tensile failure strength of 8.8
MPa and 125 % elongation at break for the softwood lignin blend (SKL 2). DCP cross-linking also
improved the tensile strength of the corresponding blend with HSL (4.6 MPa and 230 % elongation
at break). It may be noted here that the hardwood lignin, being an inherently melt-processable lowviscosity material, produces a relatively softer, lower strength but more extensible blend with
NBR-33.
2.4.2.2 Lignin–NBR melt-processable rubber with optional CB reinforcement and enhanced
dispersion of lignin phase by PEO.
The introduction of 40 pphr CB loading in blends along with DCP increased tensile strength
significantly for both types of lignin. For example, blends SKL 3 and HSL 3 had tensile strengths
of 13.7 MPa and 7.9 MPa at 50 % and 95 % ultimate elongations, respectively. This represents a
55 % and 70 % strength enhancement in peroxide cross-linked binary compositions of NBR-
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33/SKL and NBR-33/HSL, respectively. As expected, particulate reinforcement in the networkstructured matrix obtained by peroxide cross-linking further reduced the compounded resin’s
extensibility. This behavior is in agreement with the existing state-of-the-art for particulatereinforced rubber systems.117
With the tensile properties of these partially cross-linked and reinforced systems characterized,
we sought to increase adhesion and compatibility in the blends and to enhance the degree of lignin
dispersion in the NBR matrix. PEO has been shown to be highly compatible with lignin 24, 27. Our
prior study showed that NBR-33 forms immiscible blends with lignin

113

. Since the solubility

parameters of NBR-33 (19.2–20.3 MPa0.5) and PEO (17.6–20.2 MPa0.5) are similar, PEO is
expected to plasticize NBR-33 effectively

121

. Also, our previous study has shown that PEO

compatibilizes thermoplastic blends of lignin and acrylonitrile-butadiene-styrene resin.122
Therefore, we hypothesized that the presence of PEO in the blends would enhance lignin
dispersion and would increase performance of CB-reinforced partially cross-linked lignin/NBR33 blends. Accordingly, SKL 3 and HSL 3 blends were further modified with 20 pphr loading of
PEO to obtain compounds SKL 4 and HSL 4, respectively.
Tensile stress–strain profiles of the HSL and SKL compositions discussed above are displayed
in Figure 5A-B. It is clear that inclusion of 20 pphr PEO in the NBR/lignin/DCP/CB compositions
for both HSL and SKL enhanced the modulus of both samples, with a further gain in strength
observed in hardwood sample HSL 4 (13.3 MPa strength and 70 % elongation). The softwood
sample, however, exhibited reduced strength and elongation (12.6 MPa, ~20 % elongation) but
also exhibited yielding behavior, necking, and low extensibility, an unexpected result and
uncharacteristic mechanical behavior of rubber-based materials. It is apparent that the softwood
lignin/NBR blend in the presence of PEO becomes less compatible. Even though PEO loading is
very low (20 pphr based on rubber content and 7 wt. %), it very likely forms an excluded phase
morphology that exhibits characteristic yield stress. A detailed discussion on such contrasting
behavior is presented in a later section and supported by morphological data.
2.4.2.3 Lignin–NBR multiphase thermoplastic composition further modified with BA for
secondary network formation.
BA is known to form gels with polyols through hydrogen bonding and esterification reactions
116

. Lignin hydroxyl groups should also be able to form a hydrogen bonded network in the presence
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Table 3. Formulations and tensile properties of NBR-33–based HSL and SKL lignin resins
Ingredients (parts per 100 parts NBR)

Tensile properties

ID
NBR

Lignin

CB

PEO

BA

DCP

Stress,
MPa (Std.
Dev.)

Break
Strain, %
(Std. Dev.)

Modulus, MPa
(Std. Dev.)

Hardwood Soda Lignin Compositions
HSL 1

100

120

--

--

--

--

1.28 (0.12)

>2500

8.2 (1.6)

HSL 2

100

120

--

--

--

2.5

4.63 (0.80)

227 (80)

16.5 (2.9)

HSL 3

100

120

40

--

--

2.5

7.86 (0.9)

96 (52)

110.5 (23.6)

HSL 4

100

120

40

20

--

2.5

13.26 (1.18)

69 (21)

273.0 (29.7)

HSL 5

100

120

40

20

7

2.5

7.27 (0.5)

109 (25)

250.7 (33.6)

HSL 6

100

120

40

12

7

2.5

7.66 (0.43)

135 (16)

157.5 (35.0)

HSL 7

100

120

40

--

7

2.5

16.69 (2.85)

84 (21)

89.1 (17.3)

HSL 8

100

120

40

20

7

--

5.55 (0.33)

147 (57)

157.1 (15.8)

HSL 9

100

120

--

20

7

2.5

3.49 (0.50)

183 (56)

75.6 (20.6)

Softwood Kraft Lignin Compositions
SKL 1

100

120

--

--

--

--

3.76 (0.37)

526 (96)

10.4 (0.8)

SKL 2

100

120

--

--

--

2.5

8.82 (1.63)

126 (35)

29.9 (8.9)

SKL 3

100

120

40

--

--

2.5

13.68 (1.48)

54 (18)

141.0 (25.7)

SKL 4

100

120

40

20

--

2.5

12.61 (0.93)

16 (17)

448.6 (92.0)

SKL 5

100

120

40

20

7

2.5

25.15 (1.26)

9 (5)

1001.3 (311.9)

SKL 6

100

120

40

12

7

2.5

20.69 (2.99)

11 (2)

593.9 (138.0)

SKL 7

100

120

40

--

7

2.5

13.01 (2.60)

33 (6)

51.14 (9.27)

SKL 8

100

120

40

20

7

--

18.52 (4.06)

21 (17)

690.9 (167.6)

SKL 9

100

120

--

20

7

2.5

6.32 (0.22)

151 (11)

48.4 (3.7)

81 (12)

13.4 (1.1)

Control Composition – No Lignin
Control

100

--

40

20

7

2.5

41

4.80 (0.43)

16.0

16.0

A

14.0

14.0

HSL4

12.0

12.0

10.0

SKL4

10.0
HSL3

Stress (MPa)

Stress (MPa)

B

SKL3

8.0
6.0
HSL2
4.0

SKL2

8.0
6.0
SKL1

4.0
HSL1

2.0

2.0

0.0

0.0
0

100

200
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Figure 5. Tensile stress–strain plots of NBR-33 rubber blends containing (A) hardwood (HSL) and (B) softwood
(SKL) lignin. The composition HSL 1 elongates more than 2500 %; here, x-axis in (A) is shown truncated.
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of BA, as BA has been shown to react readily with phenolic groups on lignin derivatives through
the formation of borate esters

123

. BA can also react with hydroxyl end groups of PEO for ester

formation; however, in this case high molecular weight PEO makes such probability very low.
Hydrogen bonding between hydroxyl groups of boric acid and ether linkages in PEO is a more
probable bonding scheme. Traditional studies of rubber-based vulcanizates have theoretical limits
of strength, modulus, and elongation that can be achieved with cross-linking and rigid
reinforcement.

124, 125

A way of overcoming these limitations that has seen growing interest in

recent years is to introduce a secondary, interpenetrating network within the rubber matrix. By
adding BA, we sought to create such a network composed primarily of thermally labile hydrogen
bonds between the OH groups of Lewis-acid BA, and the oxygen atoms in both PEO and lignin.
This behavior is similar to that of classic polyvinylacetate (PVAc) and polyvinylalcohol (PVOH)
gels cross-linked with BA—the same reactions taking place in the well-known “slime” or
“flubber” demonstrations common in the chemistry classroom.
BA is also known to form hydrogen bonds with nitrile groups and to exhibit Lewis acid–base
interactions with the nitrile segments in NBR 126. In the hardwood lignin/NBR matrix, BA addition
to the PEO-modified blend (HSL 5) resulted in lower tensile strength and elongation (7.27 MPa,
109 % elongation) than that observed in the sample with only PEO (HSL 4). Although the strength
was reduced, HSL 5 showed unexpected necking behavior, similar to SKL 4, this time with greater
extensibility. In the softwood lignin/NBR matrix, BA addition to the PEO blend (SKL 5) exhibited
the same necking behavior as SKL 4, but with twice the tensile strength (25.2 MPa) and about half
the elongation (9 %). This dramatically enhanced strength and the accompanying modulus (1 GPa)
make the material behave like glassy polymers such as ABS. This surprising result, to the best of
our knowledge, is the first report of rendering an inherently elastomeric composition to glassy
plastic by the addition of a Lewis acid. Also, this is the first report to obtain a multiphase
thermoplastic material with >40 % unmodified or as-received lignin and to achieve a strength and
modulus of this magnitude.
To further understand the interaction of lignin, PEO, and BA in these blends, we prepared
samples with each lignin containing half the amount of PEO and no PEO. In the hardwood blends
HSL 5, HSL 6, and HSL 7, decreasing PEO content resulted in an increase in tensile strength with
a reduction in modulus. With no PEO, the hardwood sample containing BA (HSL 7) showed
increased tensile strength and elongation in comparison with HSL 4 containing neither additive.
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In contrast, softwood blends SKL 5, SKL 6, and SKL 7 with decreasing PEO content resulted in
the opposite behavior, reducing tensile strength. Also opposing the results observed in the
hardwood sample, the softwood blend containing only BA as an additive (SKL 7) resulted in a
decrease in strength and elongation compared to the blend without (SKL 4). The tensile stress–
strain profiles of these compositions of hardwood and softwood lignin–rubber blends containing
BA and varying PEO content are shown in Figure 6A-B.
To examine the role of peroxide cross-linking and CB reinforcement in the NBR matrices, the
best performing SKL composition (SKL 5) and its HSL analogue (HSL 5) were prepared without
peroxide (SKL 8 and HSL 8) and without CB (SKL 9 and HSL 9). Omitting peroxide reduced the
strength in both compositions proportionally, by about 25 %, while the removal of CB caused a
more dramatic reduction of >50 % in strength for both lignin types. Further, to understand the
effect of lignin itself as the hard rigid segment in the composition, we prepared the same
composition without lignin. The composition showed poor strength (4.8 MPa) and low ductility
(<100 % elongation). This is interesting as in the case of hardwood samples, the presence of lignin
increased both strength and elongation over the no-lignin sample.
2.4.3 Torque Rheology During Melt-Mixing of Components
Figure 7A and Figure 7B show the time-resolved torque measurements of select hardwood
lignin and softwood lignin blends, detailing the base matrix resin consisting of NBR, CB, lignin,
and DCP as well as the addition of BA, PEO, and the combination of the two. The graphs show
the time period after the addition of NBR, CB, lignin, and PEO and the attainment of a homogenous
state with stable torque, followed by the addition of BA, then DCP. The torque rheology data
corresponds to the reactions or interactions that occur during mixing cycles.
In hardwood lignin blends, DCP addition in the presence of PEO showed a minor increase in
torque over the remaining mixing time (HSL 4). Addition of BA in the presence of PEO (HSL 5)
showed a steady increase in torque over the remaining mixing time, but any change upon the
addition of DCP was indiscernible. HSL 7 showed no change in torque upon addition of BA and
a minor increase in torque that quickly plateaued upon the loading of DCP.
In the softwood lignin blends, additions of BA and DCP produced significantly different
results. While the addition of DCP to the most basic matrix (SKL 3) showed an expected increase
in torque due to cross-linking of the rubber, the amount of change was considerably greater than
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that of the hardwood lignin sample (HSL3), suggesting improved interaction between the rubber
matrix and SKL. It should also be noted that hardwood lignin melts well but softwood lignin does
not; therefore, a softwood-lignin-filled NBR matrix behaves like a particulate-filled matrix that is
expected to have higher viscosity and hence torque. In the presence of PEO (SKL 4), the rate of
torque rise slowed, likely due to the plasticization of the matrix by PEO. PEO addition may cause
disruption of the rubber network and some occlusion of possible reaction sites on the lignin
molecules by the hydrogen bonding activity of PEO. BA addition without PEO present (SKL 7)
showed no effect on torque; however, the vulcanization behavior of DCP seemed to accelerate,
with torque cresting and falling to a plateau. BA addition in the presence of PEO (SKL 5) resulted
in a sharp rise in torque, followed by an even sharper effect as observed upon the addition of DCP.
This dramatic increase in torque suggests that a large amount of network formation occurred, likely
through vulcanization of rubber with itself and the lignin, and through the creation of a secondary
network of hydrogen bonding with BA, PEO, and lignin.
To test the hypothesis that network formation could be effected through introduction of BA
alone, additional blends were made using each lignin and all components except DCP (HSL 8,
SKL 8). Addition of BA at 16 min to the softwood sample (SKL 8) showed a continuing increase
in torque over the next 20 min until mixing ended. This increase is similar to other well-known
rubber cross-linking behaviors, but in our attempt here, this was made possible without the use of
a free radical initiator. We believe that this network is composed mostly of hydrogen bonding
interactions, and perhaps a small amount of borate ester condensation with unhindered hydroxyl
groups present on the softwood lignin molecules. In the hardwood sample (HSL 8), the torque
mixing profile remained relatively unchanged in the absence of DCP, most likely due to the higher
degree of hindered phenols present in hardwood lignin species.
The average tensile strength of the SKL 8 specimens was 18.52 MPa, quite a bit lower than
the best performing SKL 5. The tensile strength deviation of 4.06 in SKL 8 suggests that these
samples were more heterogeneous than SKL 5, as the sufficient cross-linking of the rubber and
lignin phases achieved with DCP was absent. The average tensile strength of the HSL 8 specimens
was 5.55 MPa, with a deviation of 0.33 MPa. This further suggests that upon the addition of DCP,
less cross-linking interaction was achieved between hardwood lignin and the NBR phase than
between softwood lignin and NBR.
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Figure 6. Tensile stress–strain plots of (A) hardwood and (B) softwood lignin–rubber blends containing boric
acid and varying polyethylene oxide content.
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A

B

Figure 7. Time-resolved rheological data during sample blending of (A) hardwood lignin samples and (B)
softwood lignin samples. Samples containing softwood lignin show a much greater response to all additives than
do those samples containing hardwood lignin.
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2.4.4 Thermal Analysis of the Compositions
First heating DSC scans of both HSL and SKL blends containing PEO showed a small melting
endotherm at 60–70 °C due to melting of PEO crystalline phase. These endotherms disappeared,
however, in blends containing both PEO and BA. We suggest that BA interrupts the crystallization
of PEO through the formation of a hydrogen bonded network.
These samples were analyzed by DMA to understand their phase morphology. Figure 8A-B
present the tangent delta spectra for the selected HSL and SKL samples, respectively. For each
lignin type, all cross-linked, CB-reinforced lignin/NBR binary blends showed a tan δ peak near
−15 ºC, representative of the Tg of NBR, and a depression of 2–4 ºC in Tg for samples containing
PEO. It is evident that loading of PEO plasticizes NBR phase, as we suggested earlier. All of these
results are consistent with our observations of torque rheology during the mixing of each sample.
Base matrix samples HSL 3 and SKL 3 showed a second Tg associated with relaxation of the
lignin phase (Tg2) at 200 ºC and 215 ºC, respectively.
Addition of PEO to the HSL matrix (HSL 4) resulted in a large plasticization effect (in lignin
phase), reducing Tg2 to 110 ºC (a drop of 90 ºC), followed by rubbery flow of the sample at 125 ºC,
beyond which DMA data collection could not be completed due to sample rupture. It is possible
that the lignin–PEO interaction created a phase that melted near that temperature, as PEO melts at
65 ºC and HSL begins to demonstrate viscous flow at 140 ºC. PEO addition to SKL 4 resulted in
a Tg2 of 138 ºC (a drop of 77 ºC), similar to the HSL sample but without the loss of strength due
to flow of the lignin–PEO phase. This again supports the high viscosity and torque rise observed
during mixing of SKL samples compared to the HSL series.
BA addition without PEO in HSL 7 and SKL 7 erased any trace of Tg2 in both samples,
suggesting that hydrogen bonding and/or borate ester formation between BA and lignin are able
to create physical or chemical cross-links sufficient to reduce or eliminate significant softening of
the lignin phase. This change in second phase Tg is consistent with our prior report on gradual
increase in Tg of lignin with increase in its cross-link density, achieved by cross-linking with
formaldehyde
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. Addition of PEO and BA together to these materials (HSL 5 and SKL 5)

maintained a secondary networked structure that includes lignin, as evidenced again by the lack of
sharp Tg2.
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B

A

Figure 8. DMA tan delta spectra of (A) hardwood lignin and (B) softwood lignin blends.
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Figure 9A-B show the storage moduli spectra of HSL and SKL compositions, respectively. It
is clear that PEO addition had opposite effects; PEO plasticized NBR-33/HSL matrix but
surprisingly reinforced NBR-33/SKL matrix. With increasing temperature, the storage modulus in
HSL 4 remained similar to that of the base resin HSL3; however, beyond the melting temperature
of PEO, the modulus decreased steadily with increase in temperature. In contrast, PEO addition to
SKL 3 increased storage modulus (of SKL 4 formulation) beyond the Tg of NBR, although a
precipitous drop was observed starting at about 90 ºC.
In samples doped with BA (HSL 7, SKL 7), storage modulus was maintained over a larger
temperature range compared to the base matrix as a result of physical/chemical cross-linking via
hydrogen bonds/borate ester formation between BA and lignin. The combination of BA and PEO
in materials (HSL 5, SKL 5) showed no notable change in storage modulus in the hardwood sample
(HSL 5) compared to that with only BA (HSL 7). The softwood sample (SKL 5) maintained a
higher storage modulus than any other sample over the entire temperature range, with a large
increase observed at the high temperature region (>90 °C) compared to the blend containing only
BA (SKL 7). This elevated storage modulus supports our hypothesis of secondary networked
structure formation that causes extended dispersion of relatively rigid lignin in SKL 5 and is
consistent with materials exhibiting interpenetrating network morphology 127.
2.4.5 Electron Microscopy
Transmission electron microscopy of a 50/50 blend of NBR and softwood lignin shows noninterconnected lignin aggregates between 0.2 and 2 μm having an elliptical spheroid shape (Figure
10). This “islands in the sea” morphology has been described in other lignin polymer blends
122

113,

. Figure 11A-F show the phase morphology of additional selected specimens using transmission

electron microscopy. Compositions of hardwood and softwood blends show CB as collections of
small black particles in the 50–100 nm size range. The aggregates of these particles are dispersed
in the NBR phase, providing an easy distinction between the lignin and NBR phases. In hardwood
blend HSL 7, the addition of BA caused the lignin particles to reduce, become more uniform in
size (500–1000 nm), and maintain a more spherical shape (Figure 11A). After PEO addition to this
composition (HSL 4), the lignin domains became elongated and tended to form an interconnected
structure, demonstrating the beginning of a continuous two-phase material rather than highly
dispersed islands. This observation confirms that PEO addition enhances deformability of the
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A

B

Figure 9. Dynamic mechanical storage moduli plot of representative (A) hardwood lignin and (B) softwood
lignin blends.

Figure 10. Transmission electron micrograph of NBR-33/SKL 50/50 blend.
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lignin phase in an NBR matrix (Figure 11B). In the presence of PEO and BA together in sample
HSL 5, lignin aggregates became very large and elongated, with some small amount of
interconnectivity (Figure 11C).
In softwood blend SKL 7, the addition of BA showed some interconnecting spheroidal lignin
domains between 200 and 1000 nm in size, exhibiting the same behavior as HSL 7 but also
suggesting the formation of a two-phase nearly co-continuous morphology (Figure 11D). PEO
addition (SKL 4) brought lignin to nearly a continuous phase, with no real discernable beginning
or end to any individual aggregates of the CB-loaded rubbery phase (Figure 11E). The addition of
PEO and BA together in SKL 5 showed CB even more well-dispersed, demonstrating that the
lignin and NBR phases had become a fully co-continuous, interpenetrating network (Figure 11F).
This fully interpenetrating network is supported by the exceptional mechanical properties
demonstrated by this sample and our earlier DMA results.
2.4.6 Sample Swelling, Gel Content, and Gel Composition Analysis.
All samples excluding HSL & SKL 6 (reduced PEO loading) and HSL & SKL 9 (removal of
carbon black) were subjected to a swelling study to determine gel content. THF was chosen as a
solvent as it readily dissolves all polymeric ingredients: lignin, NBR, and PEO. The HSL
composites took up solvent at a faster rate (Figure 12) than the SKL composites, with exception
of samples not containing DCP (HSL 1,8 & SKL 1,8). The HSL samples that contained no DCP
(HSL 1 & HSL 8) disintegrated after 24 hours. Any remaining gel had the consistency of slime
and pieces smaller than 1mm in size.
The most intriguing information obtained from this experiment is the comparison in swelling
rate, swelling ratio, and final gel content of the simple binary blends of lignin and NBR, and those
binary blends with DCP added. HSL 1 and SKL 1 took up solvent the fastest, with HSL 1
disintegrating after 2 hours. SKL 1 had the largest swell ratio and samples remained a nearly
perfect disc shape, indicating the largest molecular weight between crosslinks but enough crosslink
density to maintain dimensional stability. SKL 2 on the other hand, swelled to a lesser degree, had
an oblong egg shape, and generally high gel content indicative of a higher degree of crosslinking.
The gel content (Table 4) of all HSL samples was between 0 and 57%, with the non-DCP
multi-component composition losing more than 50 % of its mass, and the HSL 1 binary sample
completely disintegrating. In representative SKL compositions, composite gel content was
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Figure 11. TEM images. (A) HSL 7, the hardwood lignin matrix with BA, showing spherical lignin domains;
(B) HSL 4, the hardwood lignin matrix with PEO, showing elongation and interconnection of lignin domains;
(C) HSL 5, the hardwood lignin matrix with BA and PEO, showing great elongation and interconnected lignin
domains; (D) SKL 7, the softwood lignin matrix with BA, showing interconnected spheroidal domains; (E) SKL
4, the softwood lignin matrix with PEO, showing elongated, interconnected domains; (F) SKL 5, the softwood
lignin matrix with BA and PEO, showing an interpenetrating network of lignin and rubber.
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between 64 and 79 %. Again, the non-DCP composition lost the most mass, however SKL 1
showed higher gel content than any other sample with HSL. These gel content values correlate
with our earlier assumptions that the SKL lignin reacts stronger with the NBR matrix, especially
in the presence of DCP, due to the presence of more non-condensed G-subunits. A chemical
explanation of this reactivity is presented in section 3.7.
2.4.7 Networked Structure Formation and Lignin-NBR Grafting.
Based on the results discussed earlier, we find that softwood lignin exhibits more torque during
mixing in an NBR matrix, particularly in the presence of DCP, a free radical generator. Softwood
lignin, being predominantly made of coniferyl-alcohol based phenylpropanoid units (G-type lignin
structures), has fewer methoxy groups and is likely more reactive than the more substituted and
hindered hardwood lignin, where syringyl-alcohol units (S-type lignin structures) dominate. Also,
it appears that in the presence of PEO, softwood lignin/NBR-33 blends form a more co-continuous
phase morphology, in contrast with hardwood lignin/NBR-33 blends, which remain phase
separated. This fundamental difference and subsequent reactivity with BA and further
reinforcement of the NBR phase by CB helps to produce multiphase high-performance material
from as-received lignin and commodity nitrile rubber. A recent study showed that inclusion of
PEO in hardwood lignin results in formation of significantly longer lignin cylindrical structural
units by formation of hydrogen-bonded networks of anisotropic segments of hardwood lignin
molecules. This, however, does not affect the radius of gyration of the lignin dispersed units in a
solvent. A similar case with softwood lignin results in cylindrical structural units of larger diameter
and slightly longer length; however, that significantly reduces the radius of gyration of lignin
dispersions.128, 129 This study suggests that hardwood lignin forms an extended, flexible chain
conformation in the presence of PEO, and that softwood lignin shrinks in size, likely due to less
compatibility with PEO, and forms chain-folded morphology. Thus, the presence of PEO allows
lignin to form rigid aggregates that interact favorably with NBR in the presence of free-radicalgenerating species. BA further enhances compatibility among all components through formation
of the secondary network structure discussed earlier. Our hypothesis is that lignin is being grafted
to NBR during the reactive blending process. There is precedent for this type of reactivity, as
recently demonstrated in a reactively blended alloy of lignin and poly(3-hydroxybutyrate-co-3hydroxyvalerate) that used DCP as a radical- generator.130 It is also well-known that lignin, with
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Figure 12. Swelling of lignin-NBR composites over time, with final gel content. (A) HSL composites, (B) SKL
composites.

Table 4. Gel Content of NBR-33–based HSL and SKL lignin resins
ID

Composition

Gel
Content

Std. Dev.

Hardwood Gel Analysis
HSL 1

HSL/NBR

N/A

N/A

HSL 2

HSL/NBR/DCP

39 %

1%

HSL 3

HSL/NBR/CB/DCP

49 %

1%

HSL 4

HSL/NBR/CB/PEO/DCP

56 %

1%

HSL 5

HSL/NBR/CB/PEO/BA/DCP

55 %

4%

HSL 7

HSL/NBR/CB/BA/DCP

57 %

4%

HSL 8

HSL/NBR/CB/PEO/BA

42 %

5%

Softwood Gel Analysis
SKL 1

SKL/NBR

64 %

1%

SKL 2

SKL/NBR/DCP

77 %

4%

SKL 3

SKL/NBR/CB/DCP

79 %

1%

SKL 4

SKL/NBR/CB/PEO/DCP

77 %

1%

SKL 5

SKL/NBR/CB/PEO/BA/DCP

78 %

1%

SKL 7

SKL/NBR/CB/BA/DCP

75 %

< 1%

SKL 8

SKL/NBR/CB/PEO/BA

72 %

2
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many hindered phenolic structures, functions well and a such has been well studied as an
antioxidant with uses in polymeric systems.131 In our system, we propose that DCP accelerates the
reactivity between NBR and lignin through the mechanism outlined in Figure 13 – forming the
primary network of this polymer system. Based on earlier swelling data and mechanical properties
of SKL 2, it is plausible and very likely that this mechanism can be initiated simply from
spontaneous radical formation along the NBR chain that occurs under high-temperature, highshear processing as a result of either chain scission or attack by molecular oxygen.132
After radical generation and/or proton abstraction occurs on both the lignin and rubber molecules
(Scheme 1, steps 2 & 3), those radicals can then terminate (Scheme 1, step 4), grafting lignin to
the polymer chain. Based on our observations of the increased reactivity in softwood lignin, and
the higher concentration of non-condensed G subunits and unoccupied 5 positions on the softwood
lignin molecules, we suggest that this is the most likely point of attachment. While the radical
species on lignin can be stabilized at the 1, 3, or 5 positions through resonance, the sterically
hindered nature of 1 and 3 reduce the likelihood of attachment here. Furthermore, radical species
at those positions are tertiary in nature and as such, more stable and less prone to reactivity – a
concept readily exploited in hindered phenolic antioxidants like butylated hydroxytoluene
(BHT).133 Predominant S subunits in HSL reduce extent of such reaction between HSL lignin and
NBR; thus, those compositions have significantly lower gel content.

2.5

Conclusions

Reactive mixing has been demonstrated to be an effective method for increasing the compatibility
of lignin and nitrile-containing butadiene rubber. The introduction of carbon black as a traditional
rubber reinforcement, along with polyethylene oxide as an adhesion promoter and hydrogen-bond
acceptor, and boric acid and dicumyl peroxide as cross-linkers, produces a range of materials with
high elongation when used with hardwood lignin, and high tensile strength near that of ABS when
used with softwood lignin. All materials can be compression molded and recycled, owing to the
number of thermal processing cycles during mixing and compression. Unique to this work is the
finding that the combination of all components in a commodity-grade 33 % acrylonitrilecontaining butadiene matrix, using softwood lignin, produces a thermoplastic material with a twophase interpenetrating network of exceptional strength and modulus. To date, we have found no
reports of lignin thermoplastics of this quality that have been produced with greater than 30 %
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Figure 13. Plausible reaction between lignin and nitrile rubber in presence of free radicals generated from an
initiator or thermal shearing of unsaturated rubber.
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lignin without the use of solvent-based chemical modification. This research opens new
opportunities for using lignin not simply as a filler, as in previous research, but as an independent
polymeric phase in polymer blends, and expands upon the opportunities available for the future
commercial valorization of lignin into greener durable products.
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CHAPTER 3. RENEWABLE & TUNABLE THERMOPLASTIC
ELASTOMERS FROM NANO-DISPERSED REACTIVE LIGNIN RUBBER
BINARY BLENDS
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3.1

Abstract
Lignin is a complex macromolecule and the second most abundant vegetative polymer on the

planet, second only to cellulose. While broadly available and relatively easy to work with, lignin
is challenging to incorporate into thermoplastic polymer systems. Soft elastomeric materials such
as rubber have demonstrated some ability to be compounded with lignin as a reinforcing filler, but
exhibit inefficiency during mixing when the rubber materials have a lower degree of polarity. In
some earlier work, we learned that the compatibility of lignin can be increased through additives
such as carbon black, boric acid, polyethylene oxide and interfacial crosslinking agents like
organic peroxides in systems with moderately polar rubber materials, such as low acrylonitrile
nitrile rubber (~33 mol%). We have also demonstrated that medium- to high-acrylonitrile content
nitrile rubbers (~41 mol% acrylonitrile), can be successfully combined with high lignin loadings
under melt-mixing and undergo nanoscale dispersion in the matrix to form thermoplastic elastomer
materials without the need for any crosslinking additives. In this chapter, we investigate the role
of the rubber’s unsaturation, lignin’s ability to form hydrogen bonded clusters, and what range of
lignin functionalities from different biomass species and separations methods can contribute to the
formation of binary lignin-nitrile rubber materials with superior performance. Eliminating
unsaturated moieties from the system by using 99.5% hydrogenated 40 mol% acrylonitrile rubber
reduces the blend’s toughness due to lack of interfacial bonding through lignin’s antioxidant or
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free radical scavenging action from the rubber during high shear mixing. Saturated rubber does
not form free radicals during mastication or shearing in viscous molten state. Similarly, we also
demonstrate that acetylation of lignin’s aliphatic and phenolic hydroxyl groups can reduces lignin
Tg, and its ability to hydrogen bond and maintain rigid aggregate clusters, reducing the ability of
lignin domains to resist deformation in polymer blends. Extensive testing of mechanical properties,
tensile loading and unloading hysteresis, thermal analysis, swelling behavior and morphological
analysis reveal that branched softwood lignin isolated by Kraft processing and its solvent
fractionated derivatives exhibit fine dispersion and thermo-reversible networked structure
responsible for mechanical toughness. Softwood lignins are more reactive than hardwood lignin
to reinforce a nitrile rubber with higher acrylonitrile content. Further, we reveal that forming both
covalently and physically linked networked structure is essential to convert a rubbery phase binary
material to a high Tg, glassy yet extensible lignin-reinforced product.

3.2

Introduction
Bio-based plastics and composites have seen increased industry adoption in recent years due

to growing demand for materials with a low carbon footprint. A large focus has been on the
research and development of rigid thermoplastic nanocomposites reinforced with natural polymers
derived from cellulosic biomass, including starch, cellulose, and lignin.134, 135 The dispersion of
nano-sized domains of these bio-based materials, coupled with sufficient interfacial adhesion, can
create improved stiffness and toughness in otherwise soft materials.136 Much of the research has
treated these bio-based materials as rigid fillers, such as cellulose nanocrystals or nanofibers137, or
particulate reinforcement of elastomers using high molecular weight technical lignins138-140, often
viewed as a potential replacement for carbon black18, 141.
Of particular interest to our research group is the use of lignin, as it is an underused byproduct
of the forestry and biofuels industries, and the second most abundant plant-based polymer on the
planet next to cellulose. These two factors make it an excellent candidate to create next-generation
materials with high renewable content at low cost and low carbon footprint.7 While lignins have
shown interesting uses as a reinforcing filler as mentioned previously, those applications have been
limited to maximum lignin loadings between 30 and 40 wt%.83, 84 To move beyond this limit,
lignins have been chemically modified to improve compatibility with different polymer matrices
through esterification, hydroxyalkylation, and other techniques.48, 58, 100, 142 A large focus has also
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been reinforcing low-cost polyolefins, or materials that have a high modulus and high stiffness,
including thermoplastics like PET27, 143, acrylonitrile butadiene styrene (ABS)122, and isocyanatebased polyurethane compatibilized recyclable wood composites.38
Additionally, different biomass separations technologies each impact the molecular weight,
structure, functional group distribution, and processability of technical lignins. Traditional
processes in the paper industry like Kraft and sulfite pulping increase the self-condensation of
lignin building blocks and introduce thiol (-SH) sulfonate (-SO3-) groups, carboxylate (-COO-)
and phenolate (-PhO-) functional groups. These functional groups can be used as reactive sites for
chemical crosslinking, physical crosslinking, or simply manipulating miscibility with some blend
polymers. The feedstocks for these processes are primarily hardwood and softwood trees. In
processing agricultural wastes like straw, corn stover, and bagasse, along with some hardwood
species, the soda-anthraquinone process (colloquially known as the soda or soda-AQ process) is
also used. Soda pulping does not introduce any sulfur-containing functional groups and can often
result in a higher number of condensed structures and more non-polar character that may be more
miscible with non-polar aliphatic and aromatic polymers.144, 145 In recent years, there has been
increased interest in the use of organosolv processes to separate biomass with the goal of producing
higher quality lignin, hemicellulose, and cellulose fractions than the harsher alkaline processing
methods focused solely on pulp production. Organosolv lignins, like the soda-AQ process, do not
introduce sulfur containing functional groups.
Recently, we demonstrated a new approach to the use of technical, unmodified lignins in
polymer blends, allowing for lignin incorporation as high as 70%.146 In our new approach, lignin
is paired with a polar matrix polymer with a Tg near or below room temperature. Lignins are
selected with Tg’s below their decomposition temperature, allowing for the lignin macromolecules
to soften and increase processability in melt-compounding processes. These attributes, combined
with extended, high-shear mixing, allowed us to create novel lignin-based thermoplastics and
thermoplastic elastomers using solvent-extracted softwood Kraft lignin and nitrile butadiene
rubber containing 33 mol% acrylonitrile (NBR33). Concurrently, we explored additional
compositions focused on the melt-processability of lignin and compared the impacts of different
lignin feedstocks in more traditional diene-rubber compounding. Our findings demonstrated that
we could tailor the properties of the resulting lignin-based thermoplastics by controlling the type
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of lignin and additional additives, allowing us to directly manipulate the multiphase network
structure of the bulk materials.147
In this paper, we expand upon our previous work continuing to use simple binary blends of
lignin and high acrylonitrile content NBR. Our focus here is on the impact of lignins produced
with different separation technologies on the final mechanical properties of a range of reactively
blended lignin-NBR binary composites, as well as further detailing the physical and chemical
bonding mechanisms that are responsible for creating these materials. We examine how high-shear
reactive mixing, lignin functional group composition, lignin loading rates, and presence of diene
reactive groups in the NBR matrix material correlate to the nano-structured morphology of the
polymer blends and the tunability of the resulting mechanical properties.

3.3

Experimental

3.3.1 Materials & Reagents.
Nitrile butadiene rubber (Nipol® 1051, 41% acrylonitrile content, designated as NBR41) and
hydrogenated nitrile butadiene rubber (Zetpol® 2001EP, 40% acrylonitrile content, designated as
HNBR) were obtained from Zeon Chemicals, L.P. (Louisville, KY). Hardwood Kraft lignin (HK),
hardwood soda lignin (HS), and softwood Kraft lignin (SK) were acquired from commercial pulp
mills in North America. Hardwood organosolv lignin (HO) was acquired from Lignol Innovations
in Canada. Softwood organosolv lignin was provided by Dr. Niki Labbé (University of Tennessee,
Knoxville). All lignin samples were dried under vacuum at 80 °C for 24 hours prior to use.
Methanol, dimethyl sulfoxide-d6, and chromium (III) acetylacetonate were purchased from Sigma
Aldrich. All other materials were used as received.
3.3.2 Lignin Characterization.
Lignin functional groups were characterized and quantified by 1H, 13C, and
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P NMR using

preparation and analysis methods previously reported.119, 120 NMR Spectra were recorded on a
Bruker AVANCE 500 MHz spectrometer at 25 ºC. Additionally, 1H and 13C NMR spectra were
collected on a Varian VNMRS 500 NMR spectrometer at the Center for Nanophase Materials
Sciences, Oak Ridge, using a protocol for lignin characterization established earlier.148 Attached
proton test (APT) and 1H-13C heteronuclear single-quantum coherence with adiabatic 180º carbon
pulse (HSQCAD) experiments offered additional information regarding carbon assignments.148
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3.3.3 Lignin Acetylation.
Samples of pre-dried lignin were acetylated based on a modified microwave-based
procedure.149 25g of Fractionated Softwood Kraft lignin was combined with 50 mL of Acetic
Anhydride in a glass beaker equipped with a magnetic stir bar, and mixed for 15 minutes. The
slurry was transferred in 3 equivalent portions to 3 pressure sealable 100 mL CEM EasyPrep
Teflon tubes, and placed in a MARS 5 microwave system. One of the tubes was fitted with a
contactless fiber optic temperature sensor and a pressure sensor. Samples were set to a 3 minute
ramp to 130 °C at 400 Watts of power, held at that temperature and power for 10 minutes, and
then allowed to cool to room temperature. The acetylated slurries were was carefully removed with
a silicone spatula and 10 mL of ethanol, recombined, and precipitated into 500 mL of DI water in
a beaker fitted with a magnetic stir bar and allowed to stir for 4 hours to neutralize the remaining
acetic anhydride. The precipitate was vacuum filtered in a Buchner funnel over Whatman® 40
filter paper, washed with DI water, and dried in an 80 °C oven for 24 hours.
3.3.4 Methanol Fractionation of Lignin.
Samples of pre-dried softwood Kraft lignin were fractionated based on a procedure previously
established in our group.150 The methanol soluble fraction was dried at 80 °C to a constant mass,
and the resulting cake gently broken up in a mortar and pestle before further use.
3.3.5 Reactive Mixing and Torque-Rheological Characterization of Lignin-Rubber
Composites.
Melt-mixing of lignin-NBR binary blends performed using a Brabender Plasti-Corder® torque
rheometer fitted with a half-size (30 cc) mixing bowl and a twin roller blade attachment. For all
compositions, the mixing bowl was preheated to 160 ºC roller blades set to 90 rpm. NBR or HNBR
was first masticated for 5 minutes in the preheated mixer to bring it to working temperature,
followed by the addition of lignin over about 20 seconds. The mixture was allowed to blend for an
additional 25 to 55 minutes. Mixing was stopped at 30 or 60 minutes, followed by removal of the
composite with brass tools and air cooling of the mixed mass. All blends had a total mass of 25 g.
Time-resolved temperature and torque data were collected for each run.
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3.3.6 Compression Molding and Specimen Preparation.
The bulk masses of mixed composite materials were placed in a 80 mm × 80 mm × 1.5 mm
aluminum frame, covered top and bottom with a Teflon-coated glass fiber mat as a release surface,
and pressed between flat hot platens at 190 ºC and 30,000 psi in a laboratory heat press for 30 min.
Following water cooling under pressure to room temperature over 15 min, the molded coupons
were removed from the press and the aluminum frame and allowed to acclimate at room
temperature and ambient humidity for 24 hours.
3.3.7 Tensile Testing.
At least 5 dumbbell-shaped tensile testing specimens were cut from each compression molded
coupon using an ASTM D638-V die. Specimens were tested on an MTS Alliance RT/5 twin screw
tensile tester equipped with a 2000 kN load cell, precision extensometer, and pneumatic grips. The
crosshead speed was 500 mm/min per ASTM D412. Tensile modulus, yield stress and yield
elongation, failure stress, and elongation at break were recorded. Results reported are the average
of at least five test specimens. Samples that failed outside of the gauge area were not included in
analyses.
3.3.8 Sample Swelling, Gel Content, and Swelling Index.
Rectangular specimens of about 1mm x 5mm were cut from each ~1.5 mm thick compression
molded sheet each having a mass between 30-60 mg. Specimens were placed in a pre-weighed
glass scintillation vial and immersed in 20 mL of THF for 24 hours to allow for swelling
equilibration. After 24 hours, the solvent was removed via glass pipet and any residual solvent on
the surface of the vial was quickly evaporated with a gentle stream of air. The vials were quickly
weighed to determine the mass of the swollen specimens, followed by drying at 80 ºC for 24 hours.
Final masses were recorded to determine gel content of each sample. Total gel content for each
sample is reported as the average of three measurements. Swelling index was calculated as the
ratio of the mass of the swollen specimen to the mass of the dry specimen.
3.3.9 Thermal Analysis.
Calorimetric analysis of composite blends was completed using a TA Instruments Q2000
differential scanning calorimeter (DSC) under nitrogen flow of 50 mL/min. Samples of ~8 mg
mass were hermetically sealed in aluminum sample pans, heated to 190 ºC and held for 10 min to
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erase thermal history, cooled to −80 ºC, then heated to 250 ºC. All heating and cooling rates were
10 ºC/min. Glass transition temperatures (Tg) were determined with TA Universal Analysis
software after defining the onset and endpoint temperatures, and Tg determined as the first
derivative peak of the transition. Thermogravimetric analysis (TGA) of each blend was completed
using a TA Instruments Q500 thermogravimetric analyzer under nitrogen and air. Samples of about
5 mg were heated to 105 ºC and held for 10 min, cooled to 25 ºC, and heated to 800 ºC at a rate of
10 ºC/min. Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800
fitted with a dual cantilever clamp. Samples were from the compression molded sheets were cut
into 5 mm × 30 mm strips. Testing was performed at a frequency of 1 Hz, an oscillating amplitude
of 0.1 % strain, and a heating ramp from −80 to 250 ºC at a rate of 3 ºC/min.
3.3.10 Microscopy.
Thin sections of samples were obtained at −70°C using a Leica ultramicrotome equipped with
a cryochamber and a diamond knife. Sections were picked up on lacey carbon copper grids
obtained from Electron Microscopy Science and analyzed using a Zeiss Libra 120 transmission
electron microscope at an operating voltage of 120 kV.

3.4

Results & Discussion

3.4.1 Lignin Characterization & Functional Group Analysis
Lignins were analyzed with a combination of 1H and

13

C NMR using a method previously

developed by our group.148 The results are summarized in Table 5 and represent the count of
functional groups per aryl unit in the lignin molecule. Lignins used in this study were hardwood
organosolv (HO), hardwood Kraft (HK), hardwood soda (HS), softwood organosolv (SO),
softwood Kraft (SK), softwood Kraft methanol extract (SKE), and acetylated softwood Kraft
methanol extract (SKEA). Quantitative determinations were made for the average degree of
substitution (DS) of aromatic protons (ArH), alkyl side chains (Alkyl), methoxy side groups
(OMe), carboxylic acids (COOH), aldehydes (CHO), aliphatic hydroxyls (OH), and phenolic
hydroxyls (PhOH).
The data presented here follows generally accepted trends with regard to published lignin
structures.119, 120, 148 Hardwood lignins have a higher degree of overall substitution due to the higher
occurrence of S subunits, consistent with the lower measured ArH DS. SO, SK, and SKE lignins
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Table 5. 1H and 13C NMR Lignin Functional Groups per Ar

ID
HO
HK
SO
SK
SKE

Extraction
Method
Organosolv
Kraft
Organosolv
Kraft
Kraft MeOH

ArH
1.24
1.24
2.95
2.18
2.94

Alkyl
1.78
1.06
3.09
2.03
2.69

OMe
0.75
0.75
1.59
0.87
1.83
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COOH
0.05
0.02
0.18
0.14
0.06

CHO
0.08
0.07
0.23
0.06
0.13

OH
0.77
0.53
2.70
0.59
2.77

PhOH
0.40
0.39
0.72
0.78
0.97

have generally more alkyl side chains consistent with the more branched structure found in
softwood lignin. Of interest in this set of samples is the higher amount of PhOH functional groups
found in the softwood samples. It is assumed that during extraction, lignin ether groups in
softwoods are more easily cleaved to generate free phenolic hydroxyls.
In the methanol extracted SKE sample, the increase in most oxygen containing functional
groups is consistent with our previously published reports demonstrating that more polar, lower
molecular weight lignin oligomers dominate this material. This higher oxygen content will be an
important part later in this chapter when considering the impact of intramolecular hydrogen
bonding as a key contributor to lignin-NBR binary blend mechanical properties, most significantly
tensile modulus.
While NMR is an excellent tool to probe these structures, we are unable to use it to verify salt
content often found in Kraft lignins. These salts may provide additional functionalities to react
with nitrile groups in the NBR backbone. Additionally, our analysis shows a high degree of
methoxy and aliphatic hydroxyl substitution in the SO, SK, and SKE samples. Using integrations
from 1H NMR, there may be some contamination from water in the DMSO which appears in
between the peaks for both of these groups.
3.4.2 Melt Processing of Binary Lignin Elastomer Blends
Following procedures established in our previous work146, 151, we sought to demonstrate that a
range of different lignin types could be melt compounded with NBR41, and to understand their
mechanical properties as well as the dynamics of the melt during processing. We believed that
there was a direct correlation between mixing time and reactivity between the lignin and rubber
phases. We performed a short study to evaluate the mechanical properties of softwood Kraft and
hardwood Kraft lignin and NBR41 binary blends at both 30- and 60-minute total mixing times. In
our previous report, we evaluated a range of mixing times between 3 and 30 minutes to understand
the potential interfacial reactions between a solvent-extracted softwood Kraft lignin and NBR41.
In that report, the time had a direct impact on the ability of the material to sufficiently establish
both a well-developed nano-scale dispersion of lignin, as well as chemical grafting between the
two phases based on Soxhlet extraction experiments.146 Our hypothesis here was that by increasing
mixing time beyond the 30 minutes required to establish sub-micron lignin domains, the overall
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crosslinking between the lignin and rubber phases would continue to increase and demonstrate that
control of mixing time is a valid method for tuning the mechanical properties of the final materials.
In Figure 14, the torque and melt temperature during mixing of each sample is displayed. In
both hardwood and softwood Kraft lignin formulations we observed that melting, distribution, and
dispersion did indeed occur within 12 to 18 minutes following lignin addition (6 to 24 total
minutes), indicated with the temporary increase in torque and viscous heating after lignin addition.
For the remaining mixing time, a steady increase in torque can be observed in both samples,
suggesting slow, continued reaction between the two phases. Following identical compression
molding conditions, tensile testing of each sample was completed. Figure 15 shows the stressstrain curves for both lignin types and confirms that extended mixing increased the peak tensile
strain and modulus, while slightly reducing elongation. This behavior is consistent with our
assertion that continued crosslinking occurs between the lignin and rubber phases, and potentially
between the individual rubber chains itself. With this insight, the remaining samples produced for
this study had a 60 minute mixing time.
3.4.3 Mechanical Properties of Binary Lignin Elastomer Blends
All samples were prepared using the 30- or 60-minute mixing times outlined in section 3.3.5,
and their respective compositions and mechanical properties are shown in Table 6. In this sample
matrix, we included two control samples of unprocessed neat NBR and a 60-minute melt mixing
of neat NBR, labeled C-1 and C-2 respectively. The naming format for the remaining samples is
XYZ-P, where X is the biomass type (H = hardwood, S = softwood), Y is the lignin extraction
type (O = organosolv, S = soda, K = Kraft, KE = methanol extracted Kraft, KEA = acetylated
methanol extracted Kraft), Z is the polymer type (N = NBR41, H=HNBR40), and P is the weight
percent of lignin in the formulation. Lignin loadings most samples varied between 2 and 70 wt%.
As a baseline, control samples C-1 and C-2 represent NBR41 without and with equivalent
processing to all samples containing lignin. The control sample C-1 had a negligible tensile
modulus and was capable of over 2000% strain before breaking. This behavior is largely expected
in a neat rubber sample, as the only major resistance to strain is a combination of chain
entanglement and some dipole interactions between the polar nitrile functional groups. The control
sample C-2 showed a marked increase in tensile strength and reduction overall elongation. After
pressing and acclimating at room temperature and humidity for 24 hours, the sample shrunk a
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Figure 14. Torque-Temperature curves of binary blends of NBR 41 and (a) unmodified softwood Kraft lignin
and (b) unmodified hardwood Kraft lignin.
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Figure 15. (a) Stress-Strain curves of 30 and 60 minute processing of hardwood and softwood kraft lignin blends
with NBR-41 (b) detail of elastic range
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visible amount and was rather lumpy, compared to the smooth C-1 sample. This is consistent with
chain scission of polymers under high temperature and shear, either homolytic cleavage of C-C
bonds or by hydrogen extraction, each generating free radicals that recombine to partially crosslink
the mass. The crosslinking allows residual stress during molding and created a partially shrunk,
lumpy sheet of sample C-2. These are well known mechanisms that occur during polymer
manufacturing.
Interestingly, the addition of as little as 2 wt% of HO lignin to NBR 41 (sample HON-2) nearly
quadruples elongation at break over C-2 from 559% to over 2100% (the limit of our tensile frame),
with a small reduction in tensile strength and modulus. We believe this is largely due to the strong
free antioxidant ability of lignins due to their polyphenolic structure containing many hindered
phenol groups131, 152, especially hardwood lignins that are dominated by syringyl subunits. At 10%
loading of the same HO lignin, the peak stress and associated strain at peak exceed that of C-2,
indicating that the addition of lignin to these formulations allows for a more controlled crosslinking
reaction to take place.
In all hardwood samples tested, we can see that increasing lignin content corresponds with an
increase in tensile stress and modulus, and a predictable decrease in strain (Figure 16). From 10 to
50 wt% loadings of each hardwood lignin type, the tensile behavior displays a relatively linear
relationship between stress and strain, unlike the exponential curve characteristic of traditionally
cured rubber compounds. At 60 wt%, however, each of the three lignins causes a stark rise in
modulus, with the HS and HK samples behaving entirely as a rigid thermoplastic and no longer as
an elastomer. Of all the hardwood lignins, a 70 wt% loading only resulted in a viable sample when
using HO lignin, and interestingly this formulation had a yield strength of about 23 MPa, followed
by 100-200% cold drawing without strain hardening. These tensile strengths and associated yield
behaviors are very similar to the mechanical properties more commonly observed in traditional
polyolefin thermoplastics such as polyethylene and polypropylene.
In all lignin types, the shift from rubbery elongation to plastic deformation at 60 wt% is likely
concurrent with a change in morphology wherein an interpenetrating network is formed – similar
to that demonstrated in our previous work with softwood Kraft lignin and NBR41146, or where the
lignin phase begins to dominate. With a density of about 1.33 g/mL, the HO lignin at 60 wt% is
about 53% lignin by volume, and by 70% reaches 64% by volume. We elaborate on this
morphological change in Section 3.6 with transmission electron microscopy images.
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Table 6. Mechanical properties of binary blends of hardwood lignin and NBR 41
Composition
Tensile Properties
Mix
Rubber Lignin Time Peak Stress Strain at Break Stress
Break
(min)
(g)
(g)
(MPa)
Peak (%)
(MPa)
Strain (%)
Control Specimens
C-1
25
0
0
0.63*
109*
0.46*
2041*
C-2
25
0
60
3.01 (0.08)
512 (29)
2.53 (0.27)
559 (56)
Hardwood Organosolv Lignin Blends
HON-2
24.5
0.5
60
2.05 (0.07) 1286 (110)
N/A**
>2100
HON-10
22.5
2.5
60
4.08 (0.28) 1146 (104) 3.67 (0.16) 1317 (240)
Sample
ID

HON-20
HON-30
HON-40
HON-50
HON-60
HON-70

20.0
17.5
15.0
12.5
10.0
7.5

5.0
7.5
10.0
12.5
15.0
17.5

60
60
60
60
60
60

SON-50
SON-50

12.5
12.5

12.5
12.5

30
60

HSN-10
HSN-20
HSN-30
HSN-40

22.5
20.0
17.5
15.0

2.5
5.0
7.5
10.0

60
60
60
60

HSN-50
HSN-60
HSN-70

12.5
10.0
7.5

12.5
15.0
17.5

60
60
60

HKN-10
HKN-20
HKN-30
HKN-40
HKN-50

22.5
20.0
17.5
15.0
12.5

2.5
5.0
7.5
10.0
12.5

60
60
60
60
30

HKN-50
HKN-60
HKN-70

12.5
10.0
7.5

12.5
15.0
17.5

60
60
60

SKN-30
SKN-50
SKN-50

17.5
12.5
12.5

7.5
12.5
12.5

60
30
60

7.15 (0.24)
957 (60)
6.51 (1.31)
9.99 (0.77)
701 (74)
9.74 (0.94)
11.45 (0.82) 587 (65)
10.68 (1.67)
12.72 (0.50) 415 (31)
11.60 (2.64)
13.74 (2.14) 313 (37)
13.61 (2.22)
21.19 (1.84)
41 (85)
16.99 (0.93)
Softwood Organosolv Lignin Blends
11.57 (0.70) 201 (22)
9.79 (1.81)
14.31 (1.16) 149 (24)
10.13 (4.19)
Hardwood Soda-AQ Lignin Blends
3.33 (0.23) 1266 (48)
2.71 (0.18)
7.32 (0.30)
804 (73)
7.63 (0.06)
13.78 (1.07) 432 (30)
14.53 (0.02)
15.81 (0.58) 307 (40)
14.27 (3.46)

Modulus
MPa
0.02*
2.79 (0.47)
2.2 (0.2)
1.9 (0.2)

964 (72)
705 (74)
595 (73)
444 (36)
334 (14)
145 (40)

1.0 (0.1)
2.3 (0.3)
3.7 (0.4)
15.6 (3.8)
265.7 (136.6)
2770 (1635)

248 (24)
174 (21)

15.09 (2.39)
17.15 (2.51)

1605 (103)
776 (126)
448 (26)
315 (32)

2.3 (0.2)
1.7 (0.2)
3.8 (0.1)
8.5 (1.5)

16.82 (1.36) 175 (23)
16.80 (1.40)
28.38 (9.66)
5 (2)
33.09 (2.61)
N/A***
N/A***
N/A***
Hardwood Kraft Lignin Blends
5.40 (0.44)
476 (69)
5.52 (0.40)
11.94 (2.22) 435 (81)
11.82 (2.56)
16.40 (2.22) 331 (37)
16.26 (2.17)
20.29 (3.06) 228 (49)
20.04 (3.09)
22.04 (1.37) 185 (39)
21.81 (1.31)

177 (19)
6 (1)
N/A***

54.5 (6.0)
1470 (276)
N/A***

490 (71)
440 (87)
334 (38)
230 (48)
193 (42)

2.2 (0.3)
3.2 (0.2)
5.9 (0.3)
26.2 (10.8)
791.1 (467.7)

24.52 (2.96) 139 (52)
24.53 (2.96)
34.37 (6.49)
8 (12)
34.37 (6.49)
N/A***
N/A***
N/A***
Softwood Kraft Lignin Blends
9.22 (0.81)
331 (30)
9.22 (0.81)
20.02 (2.33) 159 (13)
18.97 (1.97)
22.41 (2.95) 106 (16)
22.41 (2.95)

139 (52)
8 (12)
N/A***

946.2 (198.7)
6527 (3465)
N/A***

331 (30)
160 (12)
106 (16)

5.3 (0.3)
20.7 (4.9)
50.1 (16.0)

13 (9)

1922 (699)

SKN-70
7.5
17.5
60
21.75 (2.62)
13 (9)
21.75 (2.62)
*Only one sample of C-1 was tested.
**The test reached the strain limit (2100 %) of the tensile frame without breaking.
***Sample was too brittle after pressing for tensile testing
Standard deviations are indicated in parentheses, where available
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Figure 16. Representative Tensile Curves for blends of NBR 41 and (a) hardwood organosolv lignin, (b) hardwood soda lignin, and (c) hardwood Kraft
lignin. Tensile stress increases with increasing lignin content. Plot (a) includes a sample C-2 that was processed for 60 minutes, shown in black. Strains
beyond 1000% are truncated.
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3.4.4 Chemical and physical crosslinks in binary NBR-lignin systems
In our previous report, we suggested that lignin plays a role in the free-radical crosslinking of
peroxide cured diene based rubber systems.147 Others have since demonstrated lignin-NBR
systems using more traditional rubber curing processes, including sulfur-based vulcanization, yet
characterize lignin only as a reinforcing filler while some other additive is introduced allowing for
physical crosslinks.153 To demonstrate further that lignin does in fact participate in chemical
crosslinking with NBR, specifically through free-radical mechanisms involving unsaturated bonds
on the NBR backbone, we devised a set of experiments to create binary blends of 99.5%
hydrogenated NBR with 40% acrylonitrile content (HNBR40) and some of our same unmodified
technical lignins. By removing all but 0.05% of the unsaturated bonds in the nitrile rubber
backbone, we believed that the resulting materials would be inferior to their regular NBR41
counterparts, confirming the important role of diene to chemically crosslink with lignin.
Table 7 shows that in all formulations using HNBR-40, the tensile strength and modulus were
much lower than the corresponding formulations made with NBR-41. The corresponding strains
at break were higher as well, consistent with our assertion that the crosslink density is significantly
reduced. In samples with over 50% of hardwood or softwood Kraft lignin, the resulting materials
lacked enough cohesion after pressing to form usable tensile testing dogbones. Similarly, the
HOH-70 sample, while capable of forming tensile specimens, was inferior in performance to both
the HOH-30 and HOH-50 formulas. This is likely due to the lack of the necessary chemical
bonding between the two phases to allow such a high volume of lignin. The comparison between
HNBR40 and NBR41 in these formulations can be seen in Figure 17.
In addition to exploring the role of dienes in the polymer backbone for creating strong and
tough lignin-rubber elastomers, we also wanted to better understand what forces, either chemical
or physical crosslinks between lignin and rubber, or intermolecular forces within the lignin
aggregates themselves, play a role in creating the high-modulus materials that exhibit plastic
deformation rather than elastic deformation and, in some cases, a measurable yield. To do this, we
used SKE lignin produced using a methanol extraction method previously reported by our
group.150 This lignin had similar properties to the hexane/acetone extracted lignin we also used to
demonstrate excellent mechanical properties and the ability to form an interpenetrating network in
a binary blend with NBR41.146 A sample of this lignin was acetylated to block the majority of
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Table 7. Mechanical properties of binary blends of hardwood lignin and HNBR40, and variants of solvent
extracted softwood lignin and NBR41
Sample
ID

HOH-30
HOH-50
HOH-70

Composition
Tensile Properties
Mix
Rubber Lignin Time Peak Stress Strain at Break Stress
Break
(min)
(g)
(g)
(MPa)
Peak (%)
(MPa)
Strain (%)
17.5
12.5
7.5

7.5
12.5
17.5

HKH-30
HKH-50
HKH-70

17.5
12.5
7.5

7.5
12.5
17.5

SOH-50

22.5

2.5

SKH-30
SKH-50
SKH-70

17.5
12.5
7.5

SKEN-50

12.5

Hardwood Organosolv Lignin w HNBR 40
60
3.52 (0.26) 1364 (59) 3.48 (0.27)
60
4.54 (0.09) 917 (26)
4.54 (0.09)
60
1.24 (0.31) 348 (195) 1.21 (0.30)
Hardwood Kraft Lignin w HNBR 40
60
5.18 (0.19)
978 (29)
5.18 (0.19)
60
5.52 (0.43) 846 (39)
5.52 (0.43)
60
N.M.*
N.M.*
N.M.*
Softwood Organosolv Lignin w HNBR 40
60
5.40 (0.44) 476 (69)
5.52 (0.40)

Softwood Kraft Lignin w HNBR 40
7.5
60
4.16 (0.18) 1021 (72) 4.15 (0.18)
12.5
60
5.74 (0.13) 631 (32)
5.71 (0.13)
17.5
60
N.M.*
N.M.*
N.M.*
Softwood Kraft Lignin Solvent Extracted – Various
12.5
60 45.12 (5.86)
4 (1)
41.84 (5.31)

Modulus
MPa

1430 (64)
917 (26)
352 (188)

2.77 (0.52)
3.64 (0.20)
4.75 (1.50)

978 (29)
846 (39)
N.M.*

2.48 (0.27)
11.18 (1.77)
N.M.*

490 (71)

2.19 (0.32)

1080 (98)
662 (37)
N.M.*

4.01 (0.45)
12.28 (1.93)
N.M.*

10 (13)

3456 (1193)

SKEH-50
12.5
12.5
60
4.60 (1.41) 409 (217) 4.60 (1.41)
409 (217) 45.55 (26.41)
SKEAN-50 12.5
12.5
60 27.98 (3.17) 308 (27) 27.98 (3.17)
308 (27)
14.68 (5.62)
N.M.* - These samples were not measured, as the final products lacked the cohesion after pressing to form usable
tensile testing dogbones.
Standard deviations are provided in parentheses where available
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Figure 17. Stress-Strain curves of equivalent mass loadings of hardwood organosolv lignin in NBR41 (solid
lines) and HNBR40 (dashed lines)
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aliphatic and phenolic hydroxyl group and used to make a 50 wt% binary blend with NBR41, along
with NBR41 and HNBR40 formulations with the unacetylated SKE lignin.
The SKEN-50 sample had an average modulus of 3456 MPa and the highest average peak
stress of 45.12 MPa (but with only ~5% strain to failure) out of all formulations reported in this
study. This peak stress measurement was higher than the ~32 MPa previously reported by us with
a 30 minute mixing time, further supporting our earlier assertion that longer mixing times facilitate
further crosslinking.146 The acetylated SKEAN-50 sample had an average peak tensile stress of
27.98, but an average modulus of 14.68 MPa, nearly two orders of magnitude lower than the nonacetylated SKEN-50 sample. Figure 18 shows the differences in the stress-strain profiles of these
two samples alongside the SKEH-50 sample made with the same solvent-extracted softwood kraft
lignin and HNBR40.
The dramatic drop in modulus between the non-acetylated to the acetylated lignin sample
suggests that there is a significant contribution to the initial stiffness of the material that is disrupted
by the removal of free aliphatic and phenolic hydroxyl groups in the lignin. The fact that the
ultimate tensile strength is still rather high, at 27.98 MPa for the acetylated sample, suggests that
there is still significant chemical crosslinking occurring. To determine if the additional tensile
strength and modulus is from permanent chemical crosslinks, or transient intermolecular physical
crosslinks, we performed a series of 10-cycle hysteresis tests on the SKEN-50 and SKEAN-50
samples. Following this cyclic loading and unloading test of each specimen, those same specimens
were annealed for 10 minutes at 100 °C and re-tested to determine what amount of recovery, if
any, could be seen in their initial modulus (Figure 19).
Both the acetylated and unacetylated specimens demonstrated a large hysteresis, suggesting
that these types of materials would be good for damping applications. The second loading loops
reach a peak tensile strength very near to the first loading, and the unloading path remains very
similar. After annealing, they not only recovered their ultimate tensile strength, but demonstrated
a small increase in modulus as well. We believe that in both samples, this initial energy dissipation
is due to the deformation of the lignin domains, which at room temperature are below their Tg and
dominated by hydrogen bonding forces. Upon heating, the lignin domains can soften and
reorganize, regaining all of their initial energy damping ability. In effect, this energy-dissipating
ability is capable of being recovered with moderate heating of the samples, similar to shape
memory polymers we have previously reported.154, 155
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Figure 18. Stress-Strain curves of solvent-extracted softwood kraft lignin compounds, comparing the impact of
lignin acetylation and hydrogenation of NBR. (a) Full stress-strain profile, (b) detail of the first 25% of strain.
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Figure 19. 10 cycle hysteresis loops of (a) unacetylated and (b) acetylated solvent-extracted softwood Kraft
lignin and NBR-41 compounds. Initial loading and unloading curves are represented in blue, and the annealed
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3.4.5 Thermal Analysis of Lignin and Lignin Rubber Specimens
Lignin and lignin rubber specimens were analyzed using DMA, DSC, and TGA to evaluate the
thermal and thermomechanical properties. Glass Transition temperatures determined using
standard methods with DSC and DMA are reported, along with the onset temperature for
decomposition determined from TGA (Table 8). Neat hardwood lignin samples evaluated had a
lower Tg compared to their softwood counterparts in both Kraft and organosolv samples. This
supports literature reports that hardwood lignins are less branched than their softwood
counterparts, due to more substitution at the 3 and 5 positions in hardwood lignins from an
abundance of S-type units.120
In all samples, regardless of lignin type or rubber matrix, there is a clear trend that the matrix
Tg increases with increasing lignin content, and that the Tg becomes more broad due to the range
of lignin molecular weights. This supports our claims that lignin is chemically grafted to the rubber
backbone and not only acting as an inert filler. When evaluating DSC data of lignin from different
extraction methods, Kraft lignins demonstrate a larger increase in Tg compared to organosolv
lignin types. Most interesting of this set of experiments is the further trend that T g is impacted
much less in samples where HNBR is the matrix material (Figure 20). Not only are the resulting
Tg’s lower than identical formulations using NBR, but the net change in Tg resulting from the
increase in lignin loading was also lower. This demonstrates that lack of unsaturated bonds in the
HNBR matrix decreases its ability to crosslink with lignin during the high-shear melt-mixing
process, and therefore a primary mode of compatibilization between lignins and NBR41 is through
free-radical coupling to increase both lignin-rubber bonds and overall crosslink density.
To evaluate other contributors to the high modulus found in some samples at higher lignin
loadings we further examined our acetylation experiment and compared the Tg between the SKEN
and SKEAN materials. The SKE lignin had a Tg of 107 ºC, nearly 12 ºC higher than the unmodified
SK lignin. This is consistent with our previously reported narrower range of molecular weights
and the higher polarity fraction of lignin miscible in methanol containing more hydrogen bonding
capable functional groups.150 When acetylated, the SKEA lignin Tg dropped dramatically to 74.3
ºC. This is consistent with reports by Sarkanen6, 103, 105 that lignin intermolecular bonding is a
significant contributor to its thermal properties, but that these bonding interactions can be
overcome via substitution. Reducing the intermolecular strength responsible for lignin aggregate
forming would thus reduce the ability of the lignin domains in the lignin-rubber samples to resist
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Table 8. Lignin & Binary Rubber Blend Tg and Decomposition Onset Temperatures Measured by Thermal
Analysis
Sample
HK
HS
HO
SK
SKE
SKEA
SO
HKN-30
HKN-50
HKN-60
HSN-30
HSN-50
HSN-70
HON-30
HON-50
HON-70
SKN-30
SKN-50
SKN-70
HKH-30
HKH-50
HKH-70
HOH-30
HOH-50
HOH-70
SKH-30
SKH-50
SKH-70

DMA Tg
(°C)
-------6.6
42.9
87.0
1.4
18.8
17
0.6
18.4
34.0
-31.4
--11.6
--8.6
--7.0
--

DSC Tg
(°C)
82.0
79.5
79.2
95.9
107.0
74.3
80.1
1.3
6.1
20.0
-12.9
-3.7
4.8
-11.0
-7.2
-1.0
-13.2
-3.7
16.0
-15.7
-9.4
-7.1
-12.3
-12.6
-18.1
-21.1
-17.8
-16.1
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Decomp Onset
(°C)
-------369
362
348
373
362
346
378
350
320
382
376
355
423
410
399
427
410
402
432
423
392

deformation when strained.
TGA of these samples provides two key pieces of information, the decomposition onset
temperature, and the residual char mass at 800 °C. For example, TGA of HON-50 had a residual
char mass near 35%, compared to the HOH-50 sample residual char mass of only 15% (Figure
21). Considering the mass ratio of lignin and rubber is the same between the two, this means that
more of the HNBR sample was lost during the heating ramp. Looking at the shape of the
degradation curve, the two don’t follow an identical path, indicating that there is a different set of
dynamics. The “onset” temperature of decomposition in the NBR using the standard method
measures lower than the HNBR. Residual unsaturation in NBR causes crosslinking and cyclic
structure formation that is expected to be absent in HNBR. Fragmentation and devolatilization of
saturated HNBR is expected to be at higher temperature. This is why the HNBR experiences a
much sharper drop at a higher temperature. Additionally, in the NBR sample, more of the lignin
in small domains may continue to generate free radicals and crosslink with the rubber, consistent
with our previous reports.154, 156 In the HNBR samples, the lignin domain sizes are larger, with less
surface area contact with the rubber phase. This difference in morphology, combined with the lack
of unsaturated bonds in the rubber phase for crosslinking, reduces the amount of new carbon bonds
formed and thus more of the sample is decomposed at high temperature. Overall, this trend held
true for all other samples where an NBR and HNBR sample were created.
DMA data for the SKEN-50 and SKEAN-50 samples in Figure 22 shows that both
formulations behave generally the same at low temperatures, with the acetylated sample having a
Tg near 37 °C and slightly lower storage modulus at temperatures lower than 50 °C. As the
temperature is increased, the rate of change of both storage and loss modulus is steeper for the
SKEN sample. At temperatures above 50 °C, the storage and loss modulus remain higher for the
acetylated SKEAN sample. This affirms the mechanical property data already outlined, that at
room temperature, the acetylated sample generally is less stiff and the associated Tg is likely lower
due to a lower lignin Tg from reduced hydrogen bonding.
DMA data of each hardwood lignin series i.e., HON and HSN, involving NBR41 blends with
hardwood organosolv and hardwood soda lignin and HKN and HKH series involving NBR41 and
HNBR40 blends with hardwood Kraft lignin are shown in Figure 23 and Figure 24, respectively.
Neat NBR41 has a Tg that generally is seen around -15 to -20 °C, and the fact that this Tg is shifting
in both DSC and DMA supports that the NBR is directly bound to the lignin, retarding the chain
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Figure 20. DSC plots of some representative lignin rubber binary systems. (a) HO-NBR41, (b) HO-HNBR40,
(c) HK-NBR41, (d) HK-HNBR40

Figure 21. TGA traces of HON-50 and HOH-50 lignin polymer blends.
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mobility. In all three series, there is a clear trend of increasing Tg of the rubbery phase as lignin
content increases. In the HON and HSN series, there is an observable 2nd Tg evident in the 70 wt%
loadings of lignin, that can be attributed to the softening of the dominant lignin volume itself. In
the HKN series, this is less pronounced as expected, as the Kraft lignins have a slightly higher Tg
themselves. Additionally, we find that the hardwood Kraft lignin is more reactive to NBR41
resulting in highest shift in the Tg of the NBR phase for all comparable compositions. This
suggests that the lignin phase is rigid until higher temperatures, allowing it to serve as a reinforcing
filler while maintaining its role as a discrete polymer phase that can be melt processed.
In each series, storage modulus data shows that increasing lignin content does infer a greater
resistance to deformation, and that samples with more lignin experience a shallower drop in
modulus with increasing temperature. This leathery region fits with the material itself being very
leather-like to the touch. The 50% lignin loaded samples are quite flexible but require significant
force to stretch. Conversely, low lignin-loading samples in all 3 series clearly show that there is
an extended rubbery plateau where the materials are more elastic in nature. The damping ability
of the lower-lignin content samples can also be seen and further supports the tensile loadingunloading hysteresis experiments mentioned earlier. We also compared the DMA data of
hardwood kraft lignin using both NBR41 and HNBR40 in Figure 24. Not only do we see a large
decrease in Tg for the HKH-50 sample, there is drop in storage modulus of over two orders of
magnitude at room temperature between the two samples, which also agrees with our mechanical
testing.
3.4.6 Swelling Study
In our previous study using NBR with 33% acrylonitrile content and more traditional rubber
formulations, including carbon black and peroxide crosslinking initiators, we observed gel
formation in all samples, including those that were simple binary blends. In particular, we observed
both high gel content and swelling indices for binary blends with hardwood soda lignin as well as
softwood Kraft lignin, with the softwood Kraft lignin providing a sample with a swelling index
of8.9. The swelling experiment in this study sought to evaluate the crosslinking behavior in these
binary blends using a broader set of lignins, with NBR that has been hydrogenated to remove
double bonds available for free radical propagation, and with NBR with increased acrylonitrile
content as we previously demonstrated it to be more miscible with technical lignins.146
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All samples including control specimens C-1 and C-2 were subjected to a swelling study to
determine gel content and swelling index in Table 9. THF was chosen as a solvent as it readily
dissolved all lignin and NBR starting materials. As expected, the unprocessed NBR41 control
sample C-1 dissolved in the THF leaving only a residue after drying and a measured gel content
of <1%. The processed NBR41 control sample C-2 had a gel content of 61.2% and a swelling
index of 12.1, supporting other data presented here showing that spontaneous crosslinking of
rubber is shear induced rather than thermally induced. In all samples made with NBR41, a
significant gel content was achieved. All samples demonstrated a trend of decreasing gel content
as lignin content increased, supporting our assumption that that at a certain point, the addition of
more lignin to a sample begins to act as a particulate reinforcing filler in addition to a covalently
bound multiphase copolymer. HWO samples with NBR41 had the largest swelling index,
increasing with increasing lignin content while total gel content decreased. Interestingly, an
addition of only 2% by mass of HWO lignin to NBR41 created a sample with 85.3% gel content
and a swelling index of 9.0, where a sample with 70% lignin content had a gel content of 34.3%
and a swelling index of 37.7. Other lignins, including Hardwood Soda, Hardwood Kraft, and
Softwood Kraft lignins, had a higher and more consistent gel content at 30, 50, and 70% lignin
content.
From a structural perspective, the stark decrease in gel content that coincides with the increase
in lignin content in HWO formulations suggests that the large proportion of the gel in all HWO
formulations is rubber, with a smaller contribution from lignin compared to both HWK and SWK
lignins. It also suggests that the HWO lignin is a better at scavenging free radicals generated during
the high shear mixing process with less covalent bonding to the polymer chains, and thus a smaller
crosslink density. This behavior is supported by the previously described near doubling of peak
strain of the HWO-2 sample compared to the C-1 unprocessed control sample and C-2 control
sample that is processed with no lignin. The large swelling index in the HWO samples also
suggests a lower crosslink density, and a higher molecular weight between crosslinks. Further data
on crosslink density is presented in our DMA analysis of the samples.
To test our hypothesis that the presence of diene groups in the matrix polymer are responsible
for free-radical induced crosslinking with both neighboring polymer chains and lignin molecules,
samples were prepared with several lignin species and NBR with >99.5% hydrogenation. In all
HNBR samples, no continuous gels were produced. Only the Kraft lignin specimens SWK-70 and
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Table 9. Lignin Rubber Solvent Swelling Activity
Sample

Lignin Type

Lignin
Mass %

Gel
Content

Swelling Index

Appearance

Controls
0%
< 1%
N.M.*
residue only
0%
61.2 %
12.1
continuous gel
NBR41 – Hardwoods
HWK-30
HW Kraft
30 %
94.7 %
4.9
continuous gel
HWK-50
HW Kraft
50 %
89.0 %
3.8
continuous gel
HWK-70
HW Kraft
70 %
80.5 %
4.0
continuous gel
HWS-30
HW Soda
30 %
87.3 %
6.4
continuous gel
HWS-50
HW Soda
50 %
83.9 %
4.6
continuous gel
HWS-70
HW Soda
70 %
62.6 %
5.3
continuous gel
HWO-2
HW Organosolv
2%
85.3 %
9.0
continuous gel
HWO-30
HW Organosolv
30 %
75.7 %
15.9
continuous gel
HWO-50
HW Organosolv
50 %
56.6 %
23.4
continuous gel
HWO-70
HW Organosolv
70 %
34.3 %
37.7
continuous gel
NBR41 – Softwoods
SWK-30
SW Kraft
30 %
89.4 %
4.8
continuous gel
SWK-50
SW Kraft
50 %
86.2 %
4.6
continuous gel
SWK-70
SW Kraft
70 %
82.5 %
3.6
continuous gel
SWO-50
SW Organosolv
50 %
82.3 %
6.2
continuous gel
HNBR40 – Hardwoods
HWK-30
HW Kraft
30 %
5.1 %
N.M.*
residue only
HWK-50
HW Kraft
50 %
12.4 %
7.6
discontinuous gel
HWK-70
HW Kraft
70 %
1.7 %
N.M.*
residue only
HWO-30
HW Organosolv
30 %
<1%
N.M.*
residue only
HWO-50
HW Organosolv
50 %
<1%
N.M.*
residue only
HWO-70
HW Organosolv
70 %
<1%
N.M.*
residue only
HNBR40 – Softwoods
SWK-30
SW Kraft
30 %
<1%
N.M.*
residue only
SWK-50
SW Kraft
30 %
<1%
N.M.*
residue only
SWK-70
SW Kraft
30 %
35.7 %
5.1
discontinuous gel
SWO-50
SW Organosolv
50 %
2.9 %
N.M.*
residue only
*N.M. – Not Measurable. The dry sample mass after swelling was a residue or film on the surface of the container,
and not an actual gel.
Control 1
Control 2

None
None
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HWK-50 produced any sort of gel at all, and those were very loose and discontinuous lumps. This
lack of gel content indicates either that chemical crosslinks are not created at all during the high
shear mixing process, or that they are so few that the antioxidant activity of lignin is enough to
suppress them almost entirely.
3.4.7

Electron Microscopy

TEM images of HOL lignin show that as lignin content is increased, the overall domain size
of the lignin in these samples decreases (Figure 25). Given that our HOL lignin has a measured
density of 1.33, the volume fractions of lignin in each sample are roughly 24.4%, 42.9%, and 63.7
% for the HON-30, HON-50, and HON-70 samples, respectively. As the volume fraction of lignin
in the polymer matrix increases, each additional lignin domain pushes the material towards its
percolation limit and creates a dispersion mill effect. Previously, our group demonstrated a similar
behavior in lignin dissolved in DMSO using neutron imaging. Lignin domains in solution were
represented as cylinders, and as lignin content increased there was a minmal effect on the radius
of the cylinder, however the aspect ratios decreased as well as the Rg.128 We observed the same
effect of decreasing lignin domain aspect ratio with increasing concentration in the NBR matrix.
This effect is made possible due to the similar polarity of the lignin and higher ACN content of the
NBR, as well as the fact that the lignin and rubber phases are chemically crosslinking. These
crosslinked rubber/NBR segments effectively become surfactants, supporting what can be equated
to as melt emulsion. Once crosslinked, entire lignin domains can no longer coalesce and in turn
continue to contribute to the dispersion mill effect. Finally, once cooled, this nano-scale
morphology is locked into place and provides the excellent mechanical properties found in these
materials.
In comparison with our previously reported materials made with acetone soluble softwood
Kraft lignin, these materials made from hardwood organosolv lignin did not fully form an
interpenetrating network. This suggests that there is some additional characteristic introduced to
the lignin molecules during Kraft processing that is responsible for the differences in both
morphology and mechanical properties. The lack of a fully interpenetrating network may also
contribute to the reduction in peak tensile strength
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Figure 25. TEM images of (a) 30%, (b) 50%, and (c) 70% hardwood organosolv lignin blends with NBR41
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3.5

Conclusions
Lignin and NBR41 rubber binary blends can be created through high shear melt compounding,

and the resulting mechanical properties can be controlled through lignin selection, lignin loading,
and mixing time. Without the addition of any crosslinking or compatibilizing agents, we have
demonstrated that a broad range of technical lignins, varying in structure, molecular weight, and
functional group makeup, can be incorporated into this system and result in a final material wherein
lignin and the NBR41 matrix are crosslinked together in the melt. The diene bonds in the NBR
backbone are critical for creating high-performing materials, as they are the primary reactive sites
allowing crosslinking not only between rubber chains but between lignin and rubber to create
better interfacial bonding. Increasing lignin content in these materials allows for a broad range of
elastomeric and leather-like materials, up to a point where the addition of more lignin results in a
rigid plastic-like material. Additionally, we have demonstrated that these materials still maintain
some viscous flow at high temperatures, as evidenced by our melt-compounding method and DMA
data.
Then results herein open up several possible paths for future work, including the use of similar
reaction pathways in other diene-containing polymers, potentially bio-based or biodegradable
polyesters containing itaconic acid or similar internal vinyl or diene based functional groups. The
use of the leathery behavior of these lignin-rubber elastomers also may be useful for the production
of flexible composite materials using chopped or continuous fiber. Overall, this work advances
our understanding of how technical lignins without chemical modification can be used to create
new soft materials with industrially relevant properties, in an effort to increase the reach of biobased materials, improve the future economics of integrated biorefineries, and overall improve the
energy efficiency of our materials manufacturing in the world by using renewable resources.
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CHAPTER IV. BIOBASED FLEXIBLE COMPOSITES FROM LIGNIN
THERMOPLASTIC ELASTOMERS
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4.1

Abstract
Building off our previous research that demonstrated a viable reactive compounding process

to produce a range of thermoplastic elastomers based on a binary blend of unmodified technical
lignins and high acrylonitrile content nitrile rubber, we were interested in a broader range of
applications for these materials as a suitable matrix for fiber-reinforced composite materials. In
this chapter, we tested if binary blends of nitrile rubber and lignin could be toughened through the
addition of chopped or continuous fiber reinforcement. Herein we demonstrate that a multiphase
polymer blend of equal mass of rubber and lignin has can be reinforced with unsized, surface
treated carbon fiber, a range of natural and delignified chopped biomass fibers, and with a
multilayer fabric layup of hemp fabric. In multiple composite materials, we were able to slightly
increase the tensile strength of the materials, but increase the young’s modulus of the matrix by
over two orders of magnitude. Although the lignin-rubber matrix has high viscosity, it could wet
and penetrate through chopped natural fiber or continuous woven fabric’s yarn during compression
molding. The molded multi-ply composite rubber matrix laminates show tensile strength
equivalent to an engineering plastic like nylon but with significantly higher degree of flexibility.
This work demonstrates usefulness of the lignin-rubber binary blends to form highly flexible,
natural fiber and fabric-based composites. The presence of lignin in the matrix, along with
unsaturation in the rubber component, likely help to adhere better with the lignocellulosic fibers
than the carbon fibers.
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4.2

Introduction
Fiber-reinforced flexible composites are versatile materials that can be found in a wide range

of industries today, with important applications such as conveyor belts in manufacturing, hoses
and pipes in automotive applications, and consumer applications like outdoor gear. Their unique
properties allow them to have high modulus and tensile strength in the plane of the material but
allow for great flexibility out of plane.157 Ideal applications for these types of materials are those
where loads are confined to a narrow range of axes on the material. Most of these flexible
composites today are made from matrix polymers and reinforcing fibers that are petroleum based.
There is growing interest in both the research community as well as industry to find bio-based
alternatives for these materials that can meet the same performance characteristics at an equivalent
or lower cost.158, 159
Lignocellulosic materials are inherently fiber-based natural composites, where cellulose
molecules are aggregated in microfibrils, those fibrils are bound together into fibers with
hemicellulose, and those fibers generally bound together into bundles throughout different parts
of the plant with lignin as a matrix material. While more complex than mono-material synthetic
fibers, bio-based fibers occur naturally and can offer advantages over synthetic fibers due to the
minimal amount of energy needed to grow and refine them.
A major challenge to using bio-based fibers as reinforcement materials in thermoplastic and
elastomeric composites is interfacial compatibility. Lignocellulosic materials are highly polar due
to their high oxygen content, but many of the popular elastomers used today in flexible composites
such as butyl rubber and EPDM and are non-polar. Without good interfacial adhesion, fibers are
less capable of supporting loads transferred from their matrix polymers when strained and reduces
the overall ability of these materials to resist deformation. To achieve better interfacial strength,
some research into surface modification of fibers has been done.159-161 These methods, however,
introduce additional costs from processes like solvent-based chemical modification, water and
solvent-based sizings, and even irradiation to an otherwise energy-efficient and cost-effective
reinforcing material. Approaching these issues from the matrix side, the use of petroleum-based
fibers like carbon fiber or UHMWPE suffers from the same drawbacks when combined with biobased polymer matrices. Again, surface modification or sizing of those fibers is often required to
increase the interfacial strength between synthetic fibers and renewable polymer matricies.134, 162
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In this chapter, we build on our previous work in developing a range of lignin-based
thermoplastic elastomer materials.146, 151 By using a matrix polymer that has a high loading of
lignin, there should be an increased interfacial bonding due to hydrogen bonding between the
matrix lignin and lignocellulosic fibers or unsized, oxygen rich carbon fibers. Additionally, since
the lignin in our matrix polymer has been shown to be chemically crosslinked with its NBR41
copolymer, it is possible that crosslinking between the matrix and fiber could also occur, allowing
load sharing across all 3 components. We chose chopped kenaf and woven hemp fibers as they are
generally low cost and widely available in industry. We validated the feasibility of the ligninNBR41 blends as a matrix for composite materials via reinforcement by carbon fiber or natural
lignocellulosic fibers without needing additional surface treatment.

4.3

Experimental

4.3.1 Materials & Reagents.
Nitrile butadiene rubber (Nipol® 1051, 41% acrylonitrile content) was purchased from Zeon
Chemicals, L.P. (Louisville, KY). 6mm chopped, unsized carbon fiber (Kaltex K30-HTC) was
obtained from the Oak Ridge National Laboratory Carbon Fiber Technology Facility. About 15mm
long natural (FK47C), 10mm long natural (FK104) and 10mm long lignin free (FK132) chopped
kenaf fiber was provided by Bast Fibers LLC (Creskill, NJ). Approximately 4.6 oz 100% hemp
summer cloth was acquired from EnviroTextiles LLC (Glenwood Springs, CO). Hardwood
organosolv lignin (HO) was acquired from Lignol Innovations in Canada. Lignin was dried under
vacuum at 80 °C for 24 hours prior to use. All other materials were used as received.
4.3.2 Reactive Mixing of Lignin-Rubber Masterbatch.
For continuous fiber or fabric composites, a masterbatch of 50 wt.% hardwood organosolv
lignin and NBR41 binary blend was prepared using a Brabender Plasti-Corder® torque rheometer
fitted with a Brabender Prep-Mixer® (300 cc) mixing bowl and a twin roller blade attachment.
The mixing bowl was preheated to 160 ºC roller blades set to 70 rpm. 125 g of NBR41 was first
masticated for 5 minutes in the preheated mixer to bring it to working temperature, followed by
the addition of 125 g of lignin over about 20 seconds. The mixture was allowed to blend for an
additional 55 minutes. Mixing was stopped at 60 minutes, followed by removal of the composite
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with brass tools and air cooling of the mixed mass. Once cooled, the material was cut into smaller
portions using a heated knife.
4.3.3 Capillary Rheology
Rheological behavior of the hardwood organosolv lignin and NBR blend matrix material was
evaluated using an Instron CEAST SR 50 Capillary Rheometer fitted with a flat-faced cylindrical
die with capillary dimensions of 1 mm diameter and 20 mm length. 50 grams of material was
loaded into the rheometer barrel, heated to 160 °C, and pre-compacted under 2000 N of force to
remove air voids. The instrument was set to constant shear mode and pressure readings taken at
shear rates of 1, 2.5, 5, 10, 25, 50, 100, 250, 500, 1,000, 2,500, 5,000, and 10,000 1/s. CEASTView
software was used, including a Bagley correction, to calculate viscosity in Pa•s.
4.3.4 Compounding of Lignin-Rubber and Discontinuous Fiber Composites.
Chopped fiber and lignin-NBR composites were prepared using a Brabender Plasti-Corder®
torque rheometer fitted with a half-size (30 cc) mixing bowl and a twin roller blade attachment,
the mixing bowl was preheated to 160 ºC roller blades set to 20 rpm. Lignin-NBR masterbatch
was added and masticated for 5 minutes in the preheated mixer to bring it to working temperature,
followed by the addition of the chopped fiber over about 1 minute. The mixture was allowed to
blend for an additional 14 minutes. Mixing was stopped at 20 minutes total, followed by removal
of the composite with brass tools and air cooling of the mixed mass. All blends had a total mass
of 25 g. Time-resolved temperature and torque data were collected for each run.
4.3.5 Compression Molding of Chopped Fiber Composites.
The bulk masses of mixed composite materials were placed in an 80 mm × 80 mm × 1.5 mm
aluminum frame, covered top and bottom with a Teflon-coated glass fiber mat as a release surface,
and pressed between flat hot platens at 160 ºC and 10,000 psi in a laboratory heat press for 30 min.
Following water cooling under pressure to room temperature over 15 min, the molded coupons
were removed from the press and the aluminum frame and allowed to acclimate at room
temperature and ambient humidity for 24 hours.
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4.3.6 Compression Molding of Hemp Fabric Laminate Composites.
20g of Lignin-NBR masterbatch was pre-pressed at 160 °C and 10,000 psi between two Tefloncoated glass fiber mat fitted with 0.5mm metal shims to create a large sheet. 3” squares of ligninNBR sheet (about 3-4g) were placed between 4” squares of hemp fabric in an alternating fashion.
The layup was placed between two Teflon-coated glass sheets fitted with 1mm (2 ply hemp) or
2mm (4 ply hemp) metal shims in a laboratory press pre-heated to 160 °C. The press was closed
at 0 psi for 5 minutes to preheat the layup and allow polymer to come to working temperature,
followed by slowly increasing pressure to 10,000 psi and holding for 5 minutes. The entire press
was then water-cooled to room temperature, specimens removed, and edges trimmed to create 3”
square samples.
4.3.7 Tensile Testing.
At least 5 dumbbell-shaped tensile testing specimens were cut from each compression molded
coupon using an ASTM D638-V die. Specimens were tested on an MTS Alliance RT/5 twin screw
tensile tester equipped with a 2000 kN load cell, precision extensometer, and pneumatic grips. The
crosshead speed was 50 mm/min per ASTM D638. Tensile modulus, yield stress and yield
elongation, failure stress, and elongation at break were recorded. Results reported are the average
of at least five test specimens. Samples that failed outside of the gauge area were not included in
analyses.
4.3.8 Thermal Analysis.
Calorimetric analysis of composite blends was completed using a TA Instruments Q2000
differential scanning calorimeter (DSC) under nitrogen flow of 50 mL/min. Samples of ~8 mg
masses were hermetically sealed in aluminum sample pans, heated to 190 ºC and held for 10 min
to erase thermal history, cooled to −80 ºC, then heated to 250 ºC. All heating and cooling rates
were 10 ºC/min. Glass transition temperatures (Tg) were determined with TA Universal Analysis
software. Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800
fitted with a dual cantilever clamp. Samples from the compression molded sheets were cut into 5
mm × 30 mm strips. Testing was performed at a frequency of 1 Hz, an oscillating amplitude of 0.1
% strain, and a heating ramp from −80 to 250 ºC at a rate of 3 ºC/min.
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4.3.9 Density Measurements.
Density of all materials was determined using a Quantchrome Ulytrapyc 1200e helium gas
pycnometer. Materials were dried under vacuum at 60 °C for 24 hours prior to evaluation. About
1 g of material was loaded into the pycnometer cell. The cell was filled and purged using helium
gas at 19 psi and 25 °C over a period of 60 minutes to displace all other gasses, followed by
evacuation, filling of the reference cell, and equilibration. Density of the materials were calculated
using the Quantchrome software.
4.3.10 Optical Microscopy.
Optical microscopy images were acquired at room temperature using Keyence VHF-950
digital microscope at various magnifications. Samples were mounted using small metal clamps
with an articulating arm to fix orientation.

4.4

Results and Discussion

4.4.1 Rheology of Lignin-NBR Matrix
In our previous work, lignin and various polymer formulations were evaluated for their
rheological properties for both 3D printing and composite applications.163, 164 In those studies,
lignin and NBR41 materials were prepared similar to those prepared in this chapter. Viscosity
measurements were acquired at high temperature consistent with general 3D printing conditions,
and overall trends showed that the viscosity of lignin-NBR41 binary blends decreased with
increasing lignin content, and with increasing temperature. For this study, we sought to
demonstrate the viscosity of a similar material made with NBR41 and hardwood organosolv lignin
could have a general shear-thinning behavior and viscosity low enough for compounding with
discontinuous fiber and wetting woven fibers in compression molded laminates. The 50%
hardwood lignin and NBR matrix material was evaluated across a range of shear rates from 1 to
10,000 s-1 at 160 °C, the compounding and pressing temperatures to be used in this study (Figure
26). The sample showed shear-thinning behavior up to 2,500 s-1, before increasing in viscosity as
the shear rate approached 10,000 s-1. At low shear rates, this is consistent with our previous
work.163
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Figure 26. Viscosity as a function of shear rate for the HON-50 Matrix.
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4.4.2 Chopped Fiber Composite Preparation
Chopped carbon fiber and kenaf fiber composites were prepared over a range of fiber loadings
(20, 40, and 50 wt% carbon fiber, 45 wt% kenaf fiber for each fiber type). Due to their low bulk
density (Figure 27), chopped fibers were added slowly to the open mixing chamber of a Brabender
Plasti-Corder that was charged with softened lignin-NBR matrix. During mixing, an observable
increase in torque was observed in all samples, which is expected behavior when adding solid
fillers. After the total amount of fiber was added, the torque continued to rise throughout the rest
of the mixing process, suggesting some continued reaction in the lignin-NBR matrix and possibly
with the surface of the fibers.
4.4.3 Chopped Fiber Composite Imaging
Cut specimens were imaged using a Keyence digital microscope (Figure 28) along the cut
edge, pressed surface, and fracture surface after tensile testing. In all chopped fiber specimens, the
overall fiber length was reduced due to breakage during the mixing process. This is expected due
to the long mixing time and the relatively high viscosity of the lignin-rubber matrix. In the carbon
fiber samples, the fiber length was reduced to about 100 microns, a reduction of 600x from the
original 6 mm length. Generally, this amount of fiber breakage indicates that this type of feedstock
may not be ideal for this particular viscosity of matrix material. Fiber fragments appeared to be
mostly isotropic in the plane of the sample due to compression molding, and anisotropic through
the thickness of the material. Very few fibers were observed traversing the z axis of the compressed
sheet in both the cut edge and fracture surface images, while a relatively random orientation was
seen on the surface and on the fracture surface in the x-y plane. In the 50 wt% carbon fiber sample
imaged in Figure 28, it appears that the samples are well coated with the lignin-NBR matrix when
observing the pressed face, however it is difficult to see how well the fiber and matrix materials
are compatible in the fracture image due to a lack of fiber orientation along the strain axis.
4.4.4

Hemp Fabric Laminate Composite Preparation

A portion of the lignin-NBR masterbatch was heat pressed to 0.5 mm thick and cut to 7.5 cm
squares. 1, 2, or 4 layers of hemp fabric cut to 10.5 cm squares were used to create alternating
fabric-lignin-fabric laminates and laid between metal 1 or 2mm thick metal shims to control final
sample thickness and prevent compression damage to the fabric (Figure 29). Each hemp fabric
layer was oriented; so, the warp and weft were the same. Preheating of the materials in a closed
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press under 0 psi was necessary to ensure that the lignin-NBR material was soft enough to flow
through the weave of hemp fabric when placed under pressure.
4.4.5 Hemp Fabric Laminate Composite Imaging
Similar to the chopped fiber composites, cut specimens of multi-layer laminates were imaged
using a Keyence digital microscope (Figure 30). Edge cut faces showed full permeation of the
lignin-NBR material through all layers of the hemp fabric. The thermoplastic nature of this
elastomer is necessary for this to occur, compared to traditional thermoset rubbers. It does not
appear, however, that the lignin-NBR matrix was able to fully wet the individual fibers that make
up each yarn in the fabric. This is also evident in the images of sample rupture, where individual
yarns have unwoven and show minimal matrix material on those fibers.
4.4.6 Tensile Testing
Tensile testing of the chopped and woven fiber composite materials are shown in Table 10.
The mechanical properties of our base matrix material were similar to our previously published
work (see Chapter 3), with the lignin and NBR41 material showing a relatively low-modulus,
linear stress-strain curve and a peak tensile stress of just under 12 MPa at an elongation of nearly
600 %. The addition of chopped carbon fiber dramatically reduced break strain of all samples,
where increasing fiber loading caused a corresponding increase in peak stress and decrease in
break strain. Most interestingly, the addition of 50 wt% chopped carbon fiber produced materials
with a tensile modulus nearly two orders of magnitude higher than the neat sample, even with the
significant reduction in overall fiber length (Figure 31A-B). This suggests that there is significant
load sharing between the base matrix and the reinforcing fiber.
In the chopped kenaf fiber composites, only a loading of 45 wt% was used, based on properties
demonstrated in our chopped carbon fiber data. The three fiber types used were chosen to see if
there was an impact on the properties of the final materials relative to fiber length (15mm, K15 vs
10mm, K10) and lignin content of the fibers (natural, K10 vs delignified, K10D). In all samples,
there were some minor differences in strength, elongation, and modulus (Figure 31C). Reducing
fiber size from 15mm to 10mm, for instance, showed a small increase in strain at peak from 15.4%
to 20.8%. The delignified fibers appeared to perform the best out of all three samples. This may
be due to increased roughness on the surface of the fibers as a result of the delignification process.
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(a)

(b)

(c)

Figure 27. Compounding of (a) Lignin-NBR with (b) chopped carbon fiber, followed by (c) compression molding into square specimens and cut dogbones.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 28. Optical microscopy images of a 50% CF 6 specimen (a) cut edge of specimen, (b) increased
magnification, (c) pressed face of specimen near fracture, (d) increased magnification of pressed surface, (e)
head-on view of fracture surface, (f) oblique view of fracture surface
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(a)

(b)

(c)

Figure 29. (a) Schematic of laminate layup, hemp fabric (beige) placed in alternating layers with lignin-NBR
(black) and compressed between rectangular metal shims, (b) a pressed sample before trimming excess fabric,
(c) detail of composite surface after die-cutting of dog-bones.
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1000 µm
(a)

689 µm
(b)

1000 µm
(c)

526 µm
(d)

1000 µm
(e)

(f)

1000 µm

Figure 30. Optical microscopy images of a 4 ply hemp fabric laminate specimen (a) cut edge of specimen, (b)
increased magnification, (c) pressed face of specimen near fracture, (d) increased magnification of pressed face,
(e) oblique view of fracture, (f) Increased magnification of fracture.
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Table 10. Mechanical properties of lignin-NBR composites
Sample
ID

Base
20%CF6
40% CF6
50% CF6

Peak Stress
(MPa)

Tensile Properties
Strain at Peak
Break Stress
Break Strain
(%)
(MPa)
(%)

50 % Hardwood Organosolv Lignin-NBR 41 Base Matrix
10.6 (3.6)
596.2 (146.9)
11.8 (2.2)
648.7 (95.5)
Chopped Carbon Fiber Composites
13.2 (2.4)
35.2 (8.1)
13.2 (2.4)
36.9 (11.0)
15.9 (2.4)
19.4 (2.8)
15.8 (2.4)
19.4 (2.8)
16.4 (3.5)
12.0 (3.9)
16.4 (3.5)
12.0 (3.9)

45% K15
45% K10
45% K10D

8.8 (1.9)
9.6 (2.7)
10.3 (2.1)

H1-Warp

26.0

Chopped Kenaf Fiber Composites
15.4 (1.8)
8.8 (1.9)
15.4 (1.8)
20.8 (1.7)
9.6 (2.7)
21.9 (3.7)
21.9 (4.2)
10.3 (2.1)
21.9 (4.2)
Hemp Fabric Laminate Composites
9.1
26.0
9.1

Modulus
MPa
5.4 (6.6)
96.8 (28.5)
195.7 (56.1)
496.7 (288.0)
197.7 (67.4)
142.5 (22.7)
165.9 (49.4)
428.9

H2-Warp
40.2
11.7
40.2
11.7
612.0
H4-Warp
44.2 (2.3)
5.9 (3.6)
44.2 (2.3)
5.9 (3.6)
1179.4 (98.4)
H4-Weft
38.3 (4.0)
6.6 (0.8)
38.3 (4.0)
6.6 (0.8)
871.0 (52.8)
H4-Bias
21.7
37.4
21.7
37.4
77.6
CF6 = 6mm unsized chopped carbon fiber, K15 = 15mm chopped kenaf fiber, K10 = 10mm chopped kenaf fiber,
K10D = 10mm delignified chopped kenaf fiber, H1 = 1 ply hemp fabric laminate, H2 = 2 ply hemp fabric laminate,
H4 = 4 ply hemp fabric laminate. Chopped fiber IDs indicate the weight % of loading. Standard deviations are
represented in parentheses where available.
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We believe there are two reasons for the higher performance of the delignified fibers. First, is
that lignin in kenaf bast fibers has been described to be similar to pure syringyl lignin.165 In our
previous work, we demonstrated that softwood lignins were more reactive in our lignin-NBR
matrix. If the majority of the lignin in kenaf is predominantly syringyl subunits, it may have
similarly low reactivity. Second, our work to date has focused on technical lignins that have been
separated from cellulose. Regardless of the extraction process used, this changes the structure and
thermal stability of lignins, introducing new functional groups that can contribute to the
crosslinking of lignin and NBR. Additionally, the delignified fibers may contain new reactive
groups on the cellulose fiber surface that can quickly react with lignin in our lignin-NBR matrix.
Hemp fabric laminate composites were tested with 1, 2, and 4 fabric plys. Tensile properties
for each can be found in Table 10 and Figure 31D. As the number of hemp fabric layers increased,
we saw an increase in tensile strength. Interestingly, the 1 and 2 ply samples follow a nearly
identical stress-strain curve but failed at a much lower point. With the narrow gauge-length of the
tensile specimens, it is likely that only two or three warp fibers crossed the length of the entire
sample, and as such are prone to failure at a higher rate. The 4-ply warp sample had a peak tensile
strength of 44.2 MPa, and a tensile modulus of about 1.2 GPa. These properties are competitive
with the tensile strength and elastic modulus of some grades of Nylon, but with the interesting
feature of having a low flexural modulus compared to the rigidity of similar engineering polymers.
In 4 ply samples, we also observed an increase in strength and modulus for these fabrics when
the strain was applied in the warp direction vs the weft direction. This is consistent with other
woven fabrics as the warp fibers are held under strain during manufacturing using looms, and
likely have less deformation than the weft fibers. Additionally, elongation along the bias direction
showed a dramatic drop in strength and modulus but allowed for over 40% strain before failing.
4.4.7 Dynamic Mechanical Analysis
DMA is an excellent tool that can probe the molecular motions of polymers, and to what degree
those motions are changed in polymer blends, alloys, and composites.166 Using DMA, the area
under the tan delta peak can be related to interfacial adhesion as it is an indicator of molecular
motion, and with less molecular motion of flexible polymers like rubber, the resulting tan delta
level would be lower with adequate bonding between said flexible chains and the reinforcing
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Figure 31. Stress-strain curves of (a) chopped carbon fiber composites, (b) low-strain detail of chopped carbon
fiber composites, (c) chopped kenaf fiber composites, (d) hemp fabric laminate composites.
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species. Using the same principle, a material with poor or no reinforcement would have more
molecular motion and therefore a weaker interfacial adhesion.167 DMA of the lignin-NBR41
matrix, 20% CF6, and 45% K15 was performed to further evaluate the interactions between the
base matrix polymer and the chopped fiber reinforcements (Figure 32). In all of our composites
measured, the tan delta peaks decreased in intensity and were accompanied by a shift to higher
temperatures, reflecting an increase in polymer Tg via immobilization of the matrix on the rigid
reinforcing fibers. For example, an addition of 20 wt% of chopped, unsized carbon fiber increased
the Tg of the base matrix from 18.4 °C to 27.6 °C. The storage modulus of the materials also
increased dramatically at all temperatures, with an increase at 25 °C from 25.4 MPa for the base
matrix to 1535 MPa after addition of 20% chopped carbon fiber, an increase of over 6000%.
Overall, the reduction in molecular motion (and thus reduction in damping behavior) and the
increase in Tg combined are a strong indicator of good interfacial adhesion between the ligninNBR matrix and fiber reinforcement.

4.5

Conclusions

The use of lignin and NBR41 rubber binary blends as a matrix for fiber-reinforced composites is
a first step towards expanding the number of potential commercial uses for lignin-based polymers
and composites. Both chopped and continuous fiber reinforcement strategies demonstrated the
ability to increase the modulus of these materials by over two orders of magnitude, and are
examples of anisotropic reinforcement techniques. In chopped fiber composites interfacial
adhesion was observed using DMA. It is likely that this is primarily driven by hydrogen bonding
between aliphatic hydroxyls on the lignin in the matrix material and oxygen-containing functional
groups on the fiber surface. Additionally, the use of a higher loading of low-cost chopped biomass
fiber to produce similar properties as a low-loading expensive chopped carbon fiber improves the
range of potential applications for lignin-based polymers and composite materials. In continuous
fiber laminates, the lignin-NBR matrix appeared to have sufficiently low viscosity to penetrate the
weave of the fabric, but it was insufficient to wet through the individual yarns. Our work furthers
research into this field and opens up more possible paths towards 100% bio-based, fiber-reinforced
composites using lignin-based polymers for commercial applications.
.
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Figure 32. DMA data of chopped fiber reinforced lignin-NBR elastomer with (a) tan delta, (b) E’ storage modulus, and (c) E’’ loss modulus.
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CHAPTER V. CONCLUSIONS AND FUTURE OUTLOOK FOR LIGNINBASED POLYMERS AND COMPOSITES, THE INTEGRATED
BIOREFINERY, AND THE CIRCULAR ECONOMY
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5.1 Conclusions
In 2007, the U.S. Department of Energy published “Top Value-Added Chemicals from
Biomass Volume II – Results of screening for Potential Candidates from Biorefinery Lignin”.9
The report authors identified macromolecules as one of the largest opportunities for valorization
of lignin that is currently produced from pulp and paper mills, and will be increasingly produced
by integrated biorefineries focusing on energy and materials. While much research has been done
in this area, there has still been limited adoption by industry, primarily due to cost and complexity.
One of the most promising paths for high volume lignin use in industry is the use of unmodified
technical lignins as primary components in low-cost polymeric materials, however those efforts
have generally had peak lignin loadings of 30 wt% or less. A loading beyond 30 wt% of lignin
showed deleterious effects in the mechanical properties of the most common matrices such as ABS
and PET. This dissertation sought to better understand the challenges that the current state-of-theart research and industrial progress faces, and to address the following research questions

1) What are the fundamental characteristics of a polymeric material that can support lignin
contents in excess of 30 wt.%?
2) Through what physical or chemical mechanisms can unmodified technical lignins be
used to create high-throughput and solvent-free thermoplastic materials and composites?

In chapter 1, I reviewed past research into the valorization of lignin for polymeric applications,
identified current challenges and knowledge gaps, and laid out my specific aims and hypotheses
that I planned to address in this dissertation. The use of unmodified, highly available technical
lignins has shown to be one of the most promising paths forward – eliminating costly solventbased chemical modifications and energy-intensive separation technologies. Reactive
compounding and extrusion rose to the top of my list as a versatile and powerful platform that can
be used to rapidly evaluate the use of lignin in thermoplastics and thermoplastic elastomers in a
way that can leverage the inherent functional groups already present in lignin. Reactive mixing
and extrusion can quickly translate into industrial manufacturing operations by making use of
industry-standard polymer compounding equipment, reducing barriers to entry for new
technologies that emerge from the laboratory to the market.
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In Chapter 2, I demonstrated the use of traditional rubber compounding methods as a platform
for reactive compounding of lignin-based polymers. We were successful in producing a range of
lignin-containing alloys with lignin contents over 40 wt% and tensile strengths over 25 MPa.
Lignin domains were observed in these samples at sizes below 1 micron, confirming our
hypothesis that the use of a combination of proper matrix polymer selection, additives, and reaction
conditions could result in materials with good mechanical properties. The use of a flexible or soft
copolymer phase to offset the traditionally rigid or hard-phased lignin material was based on high
performing soft-hard copolymers that exist today, like styrene-butadiene-styrene (SBS). To
improve compatibility between lignin and rubber, NBR was chosen as it satisfied the miscibility
requirement as a polar polymer, as well as the soft material requirements with its low Tg and
malleability at room temperature. I explored how different lignin feedstocks, copolymer additives,
reinforcements like carbon black, and physical and chemical crosslinks impacted the thermal and
mechanical properties of lignin-based polymers that were reactively compounded with NBR. It
was found that lignin was capable of participating in both chemical and physical crosslinking with
the NBR matrix through the use of peroxides and hydrogen bonding additives like PEO and BA,
respectively.
Of particular interest was the stark difference in mechanical properties of the final materials
when using softwood Kraft lignin compared to hardwood soda lignin. This was a large step
forward, in my opinion, as many publications prior rarely differentiated the biomass source and
the method of lignin separation. Further, we characterized both lignin feedstocks with NMR and
were able to draw conclusions regarding structure and functional group concentration in a given
lignin material and the impact that it would have on the final mechanical properties of the
reactively blended polymers. Broadly, lignins with a higher concentration of aliphatic hydroxyl
groups demonstrated improved reinforcement and miscibility with NBR33, as well as when
forming interpenetrating networks with the addition of PEO and BA. Additionally, a higher
proportion of unsubstituted phenylpropanoid subunits (H/G type) allowed for more reaction sites
on the lignin to crosslink under free radical induced coupling with the NBR matrix. Together, both
systems allowed for a combination of chemical and physical crosslinks Future work in this area
would lead us toward exploring more simple formulations with less components, which was
largely the focus of chapter 3.
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In chapter 3, I explored reactive compounding as a method for producing lignin-based
polymers using a simple binary system of lignin and 41% acrylonitrile content NBR41. In this
system, I sought to determine if other lignins could be used in a similar way and to what extent, if
any, that overall polymer blend formulation and processing could have on the final mechanical
properties of the materials. We were successful insomuch as every lignin we used – softwood,
hardwood, kraft, organosolv, etc – was capable of chemically crosslinking with NBR41. Softwood
Kraft lignins were observed to be the most reactive, creating materials with gel contents in excess
of 80% with lignin loadings as low as 30 wt%. The predominance of G units in the softwood lignin
presented more unsubstituted phenylpropanoid subunits with an open 5 position on the aromatic
ring available for coupling through free radical capture. Each lignin type was able to produce welldispersed nano-scale domains of lignin in NBR. Across all lignin types, I observed that the
changing of total reaction time and lignin loading from 2-70 wt.% allowed for manipulation of the
mechanical properties of the final materials – such that we could effectively “tune” materials for a
particular tensile strength and elongation within the boundaries of the material formulations we
prepared. Interestingly, without the use of peroxide as an additive as I used in chapter 2, we
observed that the binary blend samples had measurable changes in Tg, indicating that some sort of
chemical crosslinking or grafting was taking place between the two materials. While low lignin
loading (2-30 wt.%) in NBR41 delivered a tough elastomeric material, high lignin loaded material
(50-70 wt%) behaved like glassy plastic material with a characteristic yield stress.
To understand the interaction between lignin and rubber phases, we performed an additional
set of experiments – one using 99.5% hydrogenated NBR with 40% acrylonitrile content, to repeat
several of the formulations made using different lignins and NBR 41. We found that the diene
content in the NBR matrix played a significant role in this crosslinking behavior, such that the
HNBR formulations were inferior in their mechanical strengths and when subjected to solvent
swelling tests designed to measure gel content and crosslink density, the HNBR samples simply
dissolved or fell apart. We also demonstrated that hydrogen bonding within the lignin molecule
aggregates played a significant role in the strength of the lignin phase. By acetylating the free
aliphatic and phenolic hydroxyl groups on a sample of lignin, we disrupted that hydrogen bonding
ability and were able to observe a drop in mechanical properties, specifically modulus.
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Lastly, in chapter 4, I evaluated the use of the binary lignin-NBR41 system developed in
chapter 3 as a viable matrix for fiber-reinforced flexible composite materials. Chopped carbon
fiber, chopped biomass fiber, and woven hemp fabric materials were each used to produce
reinforced materials using the lignin-NBR material as a melt-processable thermoplastic elastomer
matrix. We found that in all fiber types, there was a measurable amount of interfacial adhesion
between the lignin-NBR matrix and the fibers. This was a promising set of results, as previous
research into partially bio-based fiber-reinforced composites generally require some sort of
chemical modification to the surface of the fibers or the matrix itself to induce chemical and
physical compatibilization. One particularly exciting result was the use of this lignin-NBR matrix
in the hemp fabric laminate composites. With a simple 4-layer hemp fabric layup, we were able to
produce flexible materials with tensile strength and modulus measurements that rivaled those of
Nylon, while maintaining a very low flexural modulus. Continued work is needed in this area to
further explore the surface interactions of the lignin-rubber matrix and the different fiber types.
Electron microscopy will be an excellent tool to observe the interfacial interactions between the
fibers and matrix.

5.2 Remaining Challenges
In recent years, there has been a growing interest in bio-based materials not only in the research
community, but also in industry. This is a great boon for further study into the use of lignin from
pulp, paper, and biorefining for higher-value purposes. There are, however, several challenges that
still remain in this space before some of these promising technologies can move out of the research
lab and see more widespread industrial adoption.
The first challenge, and arguably the oldest, is the complexity of the lignin molecule and
subsequent variation depending on biomass source and extraction methods. Existing technologies
like Kraft and soda pulping, while widespread, significantly change the lignin molecule from its
native state and ultimately change what can be done with the molecule. Continuing work to study
the structure-property relationships of the lignin itself will be important for future work on ligninbased materials to thrive. Extensive work has been done but will need to continue to use
comprehensive tools like NMR to fully characterize the functional group distribution, branching,
and degree of modification in each lignin stream. Additionally, more accessible, and rapid analyses
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using techniques such as FTIR have emerged and will be required to continue developing such
that they can become part of a quality control process to limit the variability of incoming feedstocks
to a future downstream partner interested in manufacturing materials from lignin.
Another challenge that remains is continuing work that will allow for targeted reactions with
unmodified technical lignins. While work has been done to depolymerize lignin and use the
simpler substituted phenolic structures as building blocks for new materials, those methods are
still relatively energy intensive and as such, costly. Continuing research similar to my work, that
can target reactivity between lignin and other inputs is necessary, especially reactions that can be
facile in a polymer melt where lignin-based thermoplastics, thermoplastic elastomers, and
composites are concerned.
Lastly, from the perspective of industrial uptake, scalability of these lignin polymer
technologies must be improved and the final materials must be acceptable in terms of color and
odor for a given application. In formulations like our lignin-NBR materials, new methods would
need to be developed to move the production of these materials out of the small batch-style reactors
and into continuous production manufacturing equipment. If the NBR materials were pelletized
like more traditional thermoplastics, this would be less of a challenge, however they are generally
large bales and would require some combination of pre-mixing on a mill and feeding into a
commercial twin screw extruder. There is also a need for other polymer systems that can use more
traditional matrix materials as well. Many commercially available lignins that come from sulfurbased processes have a very strong odor that can be off-putting to industry. Technologies that can
reduce or eliminate this odor will go a long way for more industrial acceptance of these promising
new biomaterials.

5.3 Future outlook
I strongly believe that lignin-based materials will continue to grow in size and scope over the
coming years and decades, not only within the research fields but within industry as well. As we
accelerate to a more circular bioeconomy that supports fully integrated biorefineries, consumers
of polymers and other soft materials will continue to push for their materials to be benign by
design. A focus on using renewable materials will be one angle, but so will end of life. A promising
future is one where fully bio-based and biodegradable or compostable materials are capable of
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being produced from all parts of lignocellulosic biomass, including lignin. I believe that new
technologies that broaden the range of matrix polymers that technical lignins will be compatible
with will emerge – and some already are – and the product manufacturers looking for circular
solutions will be able to find those in short time.
Future work in this area should focus heavily on further lignin characterization, to the point
where some sort of public database can exist that details the specific properties of each lignin –
similar to how we expect polymers to be characterized. Further work on reactive compounding
and extrusion will also open up new high-throughput engineering paths for lignocellulosic
biomaterials. Ultimately, the concept of a fully integrated biorefinery will provide a future home
for these technologies all to sit together under one roof. Extraction technologies designed to
separate out C5 and C6 sugars, hemicellulose and cellulose in all of its various morphologies, and
lignin – with the idea that each has a valuable destination rather than being destined for landfilling
or heating fuel, will bring significant shifts in the economic viability of all of these technologies
and push us further into an energy efficient, circular bioeconomy.

120

REFERENCES
1.
IEA, Energy Technology Transitions for Industry. OECD Publishing.
2.
Vision for Bioenergy and Biobased Products in the United States. Biomass Resarch and
Development Initiative: Washington, D.C., 2006.
3.
Gandini, A., Polymers from Renewable Resources: A Challenge for the Future of
Macromolecular Materials. Macromolecules 2008, 41 (24), 9491-9504.
4.
Anastas, P. T., Designing safer polymers. Weeks, C.; Bickart, P.; Weeks, C., Eds. New
York
Chichester : Wiley: New York
Chichester, 2001.
5.
Candolle, A. P. d., Théorie élémentaire de la botanique. Déterville: Paris, 1813; p 540.
6.
Sarkanen, K. V. L., Charles Heberle, Lignins: occurrence, formation, structure and
reactions. Wiley-Interscience: New York, 1971.
7.
Ragauskas, A. J.; Beckham, G. T.; Biddy, M. J.; Chandra, R.; Chen, F.; Davis, M. F.;
Davison, B. H.; Dixon, R. A.; Gilna, P.; Keller, M.; Langan, P.; Naskar, A. K.; Saddler, J. N.;
Tschaplinski, T. J.; Tuskan, G. A.; Wyman, C. E., Lignin Valorization: Improving Lignin
Processing in the Biorefinery. Science 2014, 344 (6185), 1246843.
8.
Werpy, T., Petersen, G., Aden, A., Bozell, J., Holladay, J., White, J., Manheim, A., Top
Value Added Chemicals From Biomass. Energy, U. S. D. o., Ed. U. S. DOE Office of Scientific
and Technical Information: Oak Ridge, TN, 2004; Vol. 1: Results of Screening for Potential
Candidates from Sugars and Synthesis Gas.
9.
Holladay, J. E., Bozell, J.J., White, J.F., Johnson, D. , Top Value-Added Chemicals from
Biomass: Volume II - Results of Screening for Potential Candidates from Biorefinery Lignin.
Energy, U. S. D. o., Ed. U.S. DOE Office of Scientific and Technical Information: Oak Ridge, TN,
2007; Vol. 2: Results of Screening for Potential Candidates from Biorefinery Lignin.
10.
Stewart, D., Lignin as a base material for materials applications: Chemistry, application
and economics. Ind Crop Prod 2008, 27 (2), 202-207.
11.
Ragauskas, A. J.; Beckham, G. T.; Biddy, M. J.; Chandra, R.; Chen, F.; Davis, M. F.;
Davison, B. H.; Dixon, R. A.; Gilna, P.; Keller, M.; Langan, P.; Naskar, A. K.; Saddler, J. N.;
Tschaplinski, T. J.; Tuskan, G. A.; Wyman, C. E., Lignin Valorization: Improving Lignin
Processing in the Biorefinery. Science 2014, 344 (6185).
12.
Lora, J. H.; Glasser, W. G., Recent industrial applications of lignin: A sustainable
alternative to nonrenewable materials. Journal of Polymers and the Environment 2002, 10 (1-2),
39-48.
13.
Keilen, J. J.; Pollak, A., LIGNIN FOR REINFORCING RUBBER. Industrial and
Engineering Chemistry 1947, 39 (4), 480-483.
14.
Keilen, J. J.; Dougherty, W. K.; Cook, W. R., LIGNIN-REINFORCED NITRILE,
NEOPRENE, AND NATURAL RUBBERS. Industrial & Engineering Chemistry 1952, 44 (1),
163-167.
15.
Falkehag, S. I., LIGNIN PRECIPITATION AS RELATED TO USE OF LIGNIN AS
REINFORCING AGENT IN RUBBER. Abstracts of Papers of the American Chemical Society
1973, (AUG26), 26-26.
16.
Robert, G.; Julius, E., Process for utilization of lignin. Google Patents: 1928.
121

17.
Sirianni, A. F.; Barker, C. M.; Barker, G. R., LIGNIN REINFORCEMENT OF RUBBER.
Abstracts of Papers of the American Chemical Society 1972, 4-&.
18.
Setua, D. K.; Shukla, M. K.; Nigam, V.; Singh, H.; Mathur, G. N., Lignin reinforced
rubber composites. Polymer Composites 2000, 21 (6), 988-995.
19.
Botros, S. H.; Eid, M. A. M.; Nageeb, Z. A., Thermal stability and dielectric relaxation of
natural rubber/soda lignin and natural rubber/thiolignin composites. Journal of Applied Polymer
Science 2006, 99 (5), 2504-2511.
20.
Xiao, S.; Feng, J.; Zhu, J.; Wang, X.; Yi, C.; Su, S., Preparation and characterization of
lignin-layered double hydroxide/styrene-butadiene rubber composites. Journal of Applied
Polymer Science 2013, 130 (2), 1308-1312.
21.
Jiang, C., Nano-lignin filled natural rubber composites: Preparation and characterization.
Express Polymer Letters 2013, 7 (5), 480-493.
22.
Kadla, J. F.; Kubo, S.; Venditti, R. A.; Gilbert, R. D.; Compere, A. L.; Griffith, W.,
Lignin-based carbon fibers for composite fiber applications. Carbon 2002, 40 (15), 2913-2920.
23.
Kadla, J. F.; Kubo, S.; Venditti, R. A.; Gilbert, R. D., Novel hollow core fibers prepared
from lignin polypropylene blends. Journal of Applied Polymer Science 2002, 85 (6), 1353-1355.
24.
Kadla, J. F.; Kubo, S., Miscibility and hydrogen bonding in blends of poly(ethylene oxide)
and kraft lignin. Macromolecules 2003, 36 (20), 7803-7811.
25.
Kubo, S.; Kadla, J. F., The formation of strong intermolecular interactions in immiscible
blends of poly(vinyl alcohol) (PVA) and lignin. Biomacromolecules 2003, 4 (3), 561-567.
26.
Kubo, S.; Kadla, J. F., Poly(ethylene oxide)/organosolv lignin blends: Relationship
between thermal properties, chemical structure, and blend behavior. Macromolecules 2004, 37
(18), 6904-6911.
27.
Kadla, J. F.; Kubo, S., Lignin-based polymer blends: analysis of intermolecular interactions
in lignin-synthetic polymer blends. Composites Part a-Applied Science and Manufacturing 2004,
35 (3), 395-400.
28.
Kubo, S.; Kadla, J. F., Kraft lignin/poly(ethylene oxide) blends: Effect of lignin structure
on miscibility and hydrogen bonding. Journal of Applied Polymer Science 2005, 98 (3), 14371444.
29.
Kubo, S.; Kadla, J. F., Hydrogen bonding in lignin: A Fourier transform infrared model
compound study. Biomacromolecules 2005, 6 (5), 2815-2821.
30.
Kubo, S.; Kadla, J. F., Lignin-based carbon fibers: Effect of synthetic polymer blending on
fiber properties. Journal of Polymers and the Environment 2005, 13 (2), 97-105.
31.
Kubo, S.; Gilbert, R. D.; Kadla, J. E., Lignin-based polymer blends and biocomposite
materials. Natural Fibers, Biopolymers, and Biocomposites 2005, 671-697.
32.
Kubo, S.; Kadla, J. F., Effect of poly(ethylene oxide) molecular mass on miscibility and
hydrogen bonding with lignin. Holzforschung 2006, 60 (3), 245-252.
33.
Lin, J.; Koda, K.; Kubo, S.; Yamada, T.; Enoki, M.; Uraki, Y., Improvement of
Mechanical Properties of Softwood Lignin-Based Carbon Fibers. Journal of Wood Chemistry and
Technology 2014, 34 (2), 111-121.
34.
Canetti, M.; Bertini, F., Supermolecular structure and thermal properties of poly(ethylene
terephthalate)/lignin composites. Composites Science and Technology 2007, 67 (15-16), 31513157.
35.
Košíková, B.; Demianová, V.; Kačuráková, M., Sulfur-free lignins as composites of
polypropylene films. Journal of Applied Polymer Science 1993, 47 (6), 1065-1073.
122

36.
Camargo, F. A.; Innocentini-Mei, L. H.; Lemes, A. P.; Moraes, S. G.; Duran, N.,
Processing and characterization of composites of poly(3-hydroxybutyrate-co-hydroxyvalerate)
and lignin from sugar cane bagasse. Journal of Composite Materials 2012, 46 (4), 417-425.
37.
Sahoo, S.; Misra, M.; Mohanty, A. K., Enhanced properties of lignin-based biodegradable
polymer composites using injection moulding process. Composites Part a-Applied Science and
Manufacturing 2011, 42 (11), 1710-1718.
38.
Sahoo, S.; Misra, M.; Mohanty, A. K., Effect of compatibilizer and fillers on the properties
of injection molded lignin-based hybrid green composites. Journal of Applied Polymer Science
2013, 127 (5), 4110-4121.
39.
Sahoo, S.; Misra, M.; Mohanty, A. K., Biocomposites From Switchgrass and Lignin
Hybrid and Poly(butylene succinate) Bioplastic: Studies on Reactive Compatibilization and
Performance Evaluation. Macromol. Mater. Eng. 2014, 299 (2), 178-189.
40.
Rials, T. G.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .4. EFFECT
OF CROSSLINK DENSITY ON POLYURETHANE FILM PROPERTIES - VARIATION IN
NCO-OH RATIO. Holzforschung 1984, 38 (4), 191-199.
41.
Rials, T. G.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .5. EFFECT
OF CROSSLINK DENSITY ON POLYURETHANE FILM PROPERTIES - VARIATION IN
POLYOL HYDROXY CONTENT. Holzforschung 1984, 38 (5), 263-269.
42.
Muller, P. C.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .8.
PHENOLIC RESIN PREPOLYMER SYNTHESIS AND ANALYSIS. Journal of Adhesion 1984,
17 (2), 157-173.
43.
Muller, P. C.; Kelley, S. S.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN
.9. PHENOLIC RESIN SYNTHESIS AND CHARACTERIZATION. Journal of Adhesion 1984,
17 (3), 185-206.
44.
Wu, L. C. F.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .1.
SYNTHESIS OF HYDROXYPROPYL LIGNIN. Journal of Applied Polymer Science 1984, 29
(4), 1111-1123.
45.
Glasser, W. G.; Barnett, C. A.; Rials, T. G.; Saraf, V. P., ENGINEERING PLASTICS
FROM LIGNIN .2. CHARACTERIZATION OF HYDROXYALKYL LIGNIN DERIVATIVES.
Journal of Applied Polymer Science 1984, 29 (5), 1815-1830.
46.
Saraf, V. P.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .3.
STRUCTURE PROPERTY RELATIONSHIPS IN SOLUTION CAST POLYURETHANE
FILMS. Journal of Applied Polymer Science 1984, 29 (5), 1831-1841.
47.
Rials, T. G.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .10.
ENTHALPY RELAXATION OF PREPOLYMERS. Journal of Wood Chemistry and Technology
1984, 4 (3), 331-345.
48.
Glasser, W. G.; Leitheiser, R. H., ENGINEERING PLASTICS FROM LIGNIN .11.
HYDROXYPROPYL LIGNINS AS COMPONENTS OF FIRE RESISTANT FOAMS. Polymer
Bulletin 1984, 12 (1), 1-5.
49.
Newman, W. H.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .12.
SYNTHESIS AND PERFORMANCE OF LIGNIN ADHESIVES WITH ISOCYANATE AND
MELAMINE. Holzforschung 1985, 39 (6), 345-353.
50.
Saraf, V. P.; Glasser, W. G.; Wilkes, G. L.; McGrath, J. E., ENGINEERING PLASTICS
FROM LIGNIN .6. STRUCTURE PROPERTY RELATIONSHIPS OF PEG-CONTAINING
POLYURETHANE NETWORKS. Journal of Applied Polymer Science 1985, 30 (5), 2207-2224.
123

51.
Saraf, V. P.; Glasser, W. G.; Wilkes, G. L., ENGINEERING PLASTICS FROM LIGNIN
.7. STRUCTURE PROPERTY RELATIONSHIPS OF POLY(BUTADIENE GLYCOL)CONTAINING POLYURETHANE NETWORKS. Journal of Applied Polymer Science 1985, 30
(9), 3809-3823.
52.
Rials, T. G.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .13. EFFECT
OF LIGNIN STRUCTURE ON POLYURETHANE NETWORK FORMATION. Holzforschung
1986, 40 (6), 353-360.
53.
Kelley, S. S.; Glasser, W. G.; Ward, T. C., ENGINEERING PLASTICS FROM LIGNIN
.15. POLYURETHANE FILMS FROM CHAIN-EXTENDED HYDROXYPROPYL LIGNIN.
Journal of Applied Polymer Science 1988, 36 (4), 759-772.
54.
Kelley, S. S.; Glasser, W. G.; Ward, T. C., ENGINEERING PLASTICS FROM LIGNIN
.14. CHARACTERIZATION OF CHAIN-EXTENDED HYDROXYPROPYL LIGNINS.
Journal of Wood Chemistry and Technology 1988, 8 (3), 341-359.
55.
Deoliveira, W.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .16.
STARLIKE MACROMERS WITH PROPYLENE-OXIDE. Journal of Applied Polymer Science
1989, 37 (11), 3119-3135.
56.
Kelley, S. S.; Ward, T. C.; Rials, T. G.; Glasser, W. G., ENGINEERING PLASTICS
FROM LIGNIN .17. EFFECT OF MOLECULAR-WEIGHT ON POLYURETHANE FILM
PROPERTIES. Journal of Applied Polymer Science 1989, 37 (10), 2961-2971.
57.
Hofmann, K.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .22. CURE
OF LIGNIN BASED EPOXY-RESINS. Journal of Adhesion 1993, 40 (2-4), 229-241.
58.
Hofmann, K.; Glasser, W. G., ENGINEERING PLASTICS FROM LIGNIN .21.
SYNTHESIS AND PROPERTIES OF EPOXIDIZED LIGNIN-POLY(PROPYLENE OXIDE)
COPOLYMERS. Journal of Wood Chemistry and Technology 1993, 13 (1), 73-95.
59.
Hofmann, K.; Glasser, W., ENGINEERING PLASTICS FROM LIGNIN .23. NETWORK
FORMATION OF LIGNIN-BASED EPOXY-RESINS. Macromolecular Chemistry and Physics
1994, 195 (1), 65-80.
60.
Ciemniecki, S. L.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .1.
BLENDS OF HYDROXYPROPYL LIGNIN WITH POLY(METHYL METHACRYLATE).
Polymer 1988, 29 (6), 1021-1029.
61.
Ciemniecki, S. L.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .2.
BLENDS OF HYDROXYPROPYL LIGNIN WITH POLYVINYL-ALCOHOL). Polymer 1988,
29 (6), 1030-1036.
62.
Glasser, W. G.; Knudsen, J. S.; Chang, C. S., MULTIPHASE MATERIALS WITH
LIGNIN .3. POLYBLENDS WITH ETHYLENE-VINYL ACETATE COPOLYMERS. Journal
of Wood Chemistry and Technology 1988, 8 (2), 221-234.
63.
Kelley, S. S.; Glasser, W. G.; Ward, T. C., MULTIPHASE MATERIALS WITH LIGNIN
.9. EFFECT OF LIGNIN CONTENT ON INTERPENETRATING POLYMER NETWORK
PROPERTIES. Polymer 1989, 30 (12), 2265-2268.
64.
Rials, T. G.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .4. BLENDS
OF HYDROXYPROPYL CELLULOSE WITH LIGNIN. Journal of Applied Polymer Science
1989, 37 (8), 2399-2415.
65.
Demaret, V.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .7. BLOCK
COPOLYMERS FROM HYDROXYPROPYL LIGNIN AND CELLULOSE TRIACETATE.
Polymer 1989, 30 (3), 570-575.
124

66.
Rials, T. G.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .6. EFFECT
OF CELLULOSE DERIVATIVE STRUCTURE ON BLEND MORPHOLOGY WITH LIGNIN.
Wood and Fiber Science 1989, 21 (1), 80-90.
67.
Rials, T. G.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .5. EFFECT
OF LIGNIN STRUCTURE ON HYDROXYPROPYL CELLULOSE BLEND MORPHOLOGY.
Polymer 1990, 31 (7), 1333-1338.
68.
Kelley, S. S.; Ward, T. C.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN
.8. INTERPENETRATING POLYMER NETWORKS FROM POLYURETHANES AND
POLYMETHYL METHACRYLATE. Journal of Applied Polymer Science 1990, 41 (11-12),
2813-2828.
69.
Takemura, A.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .10. A
NOVEL GRAFT COPOLYMER WITH HYDROXYALKYL LIGNIN. Mokuzai Gakkaishi 1993,
39 (2), 198-205.
70.
Deoliveira, W.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .12.
BLENDS OF POLY(VINYL CHLORIDE) WITH LIGNIN CAPROLACTONE COPOLYMERS.
Journal of Applied Polymer Science 1994, 51 (3), 563-571.
71.
Deoliveira, W.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .2.
STARLIKE COPOLYMERS WITH CAPROLACTONE. Macromolecules 1994, 27 (1), 5-11.
72.
Deoliveira, W.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .14. STARLIKE COPOLYMERS WITH STYRENE. Journal of Wood Chemistry and Technology 1994, 14
(1), 119-126.
73.
Deoliveira, W.; Glasser, W. G., MULTIPHASE MATERIALS WITH LIGNIN .13.
BLOCK-COPOLYMERS WITH CELLULOSE PROPIONATE. Polymer 1994, 35 (9), 19771985.
74.
Ghosh, I.; Jain, R. K.; Glasser, W. G., Multiphase materials with lignin. XV. Blends of
cellulose acetate butyrate with lignin esters. Journal of Applied Polymer Science 1999, 74 (2), 448457.
75.
Toffey, A.; Glasser, W. G., Cure characterization of polyurethanes with lignin and
cellulose derivatives. Holzforschung 1997, 51 (1), 71-78.
76.
Silva, E. A. B. d.; Zabkova, M.; Araújo, J. D.; Cateto, C. A.; Barreiro, M. F.; Belgacem,
M. N.; Rodrigues, A. E., An integrated process to produce vanillin and lignin-based polyurethanes
from Kraft lignin. Chemical Engineering Research and Design 2009, 87 (9), 1276-1292.
77.
Saito, T.; Brown, R. H.; Hunt, M. A.; Pickel, D. L.; Pickel, J. M.; Messman, J. M.;
Baker, F. S.; Keller, M.; Naskar, A. K., Turning renewable resources into value-added polymer:
development of lignin-based thermoplastic. Green Chemistry 2012, 14 (12), 3295-3303.
78.
Saito, T.; Perkins, J. H.; Jackson, D. C.; Trammel, N. E.; Hunt, M. A.; Naskar, A. K.,
Development of lignin-based polyurethane thermoplastics. Rsc Advances 2013, 3 (44), 2183221840.
79.
Pohjanlehto, H.; Setala, H. M.; Kiely, D. E.; McDonald, A. G., Lignin-Xylaric AcidPolyurethane-Based Polymer Network Systems: Preparation and Characterization. Journal of
Applied Polymer Science 2014, 131 (1).
80.
Rouilly, A.; Rigal, L., Agro-materials: A bibliographic review. Journal of Macromolecular
Science-Polymer Reviews 2002, C42 (4), 441-479.
81.
Chakar, F. S.; Ragauskas, A. J., Review of current and future softwood kraft lignin process
chemistry. Ind Crop Prod 2004, 20 (2), 131-141.
125

82.
Doherty, W. O. S.; Mousavioun, P.; Fellows, C. M., Value-adding to cellulosic ethanol:
Lignin polymers. Ind Crop Prod 2011, 33 (2), 259-276.
83.
Thakur, V. K.; Thakur, M. K.; Raghavan, P.; Kessler, M. R., Progress in Green Polymer
Composites from Lignin for Multifunctional Applications: A Review. ACS Sustainable Chemistry
& Engineering 2014, 2 (5), 1072-1092.
84.
Laurichesse, S.; Averous, L., Chemical modification of lignins: Towards biobased
polymers. Progress in Polymer Science 2014, 39 (7), 1266-1290.
85.
Chen, Y.-R.; Sarkanen, S., From the macromolecular behavior of lignin components to the
mechanical properties of lignin-based plastics. Cellulose Chemistry and Technology 2006, 40 (34), 149-163.
86.
Chen, Y.-r.; Sarkanen, S., A Brief History of Lignin-Containing Polymeric Materials
Culminating in X-ray Powder Diffraction Analyses of Kraft Lignin-Based Thermoplastic Polymer
Blends. In Materials, Chemicals, and Energy from Forest Biomass, Argyropoulos, D. S., Ed. 2007;
Vol. 954, pp 229-246.
87.
Raschip, I. E.; Vasile, C.; Ciolacu, D.; Cazacu, G., Semi-interpenetrating polymer
networks containing polysaccharides. I xanthan/lignin networks. High Perform. Polym. 2007, 19
(5-6), 603-620.
88.
Raschip, I. E.; Hitruc, E. G.; Vasile, C., Semi-interpenetrating polymer networks
containing polysaccharides. II. Xanthan/lignin networks: a spectral and thermal characterization.
High Perform. Polym. 2011, 23 (3), 219-229.
89.
Carter, C. A.; Miller, H. I., Corn for Food, Not Fuel. The New York Times July 31, 2012,
2012.
90.
Meister, J. J.; Patil, D. R., SOLVENT EFFECTS AND INITIATION MECHANISMS
FOR GRAFT-POLYMERIZATION ON PINE LIGNIN. Macromolecules 1985, 18 (8), 15591564.
91.
Deoliveira, W.; Glasser, W. G., STARLIKE MACROMERS FROM LIGNIN. Acs
Symposium Series 1989, 397, 414-425.
92.
Nieh, W. L. S.; Glasser, W. G., LIGNIN EPOXIDE - SYNTHESIS AND
CHARACTERIZATION. Acs Symposium Series 1989, 397, 506-514.
93.
Glasser, W. G.; Wang, H. X., DERIVATIVES OF LIGNIN AND LIGNIN-LIKE
MODELS WITH ACRYLATE FUNCTIONALITY. Acs Symposium Series 1989, 397, 515-522.
94.
Glasser, W. G., Cross-linking options for lignins. 1989; p 43-54.
95.
Glasser, W. G., CROSS-LINKING OPTIONS FOR LIGNINS. Acs Symposium Series
1989, 385, 43-54.
96.
Kosikova, B.;
Mlynar, J.;
Hricovini, M.; Joniak, D., ISOLATION AND
CHARACTERIZATION OF BIOCONVERSION WHEAT STRAW LIGNINS. Cellulose
Chemistry and Technology 1990, 24 (5), 603-610.
97.
Meister, J. J.; Chen, M. J., GRAFT 1-PHENYLETHYLENE COPOLYMERS OF LIGNIN
.1. SYNTHESIS AND PROOF OF COPOLYMERIZATION. Macromolecules 1991, 24 (26),
6843-6848.
98.
Meister, J. J.; Li, C. T., SYNTHESIS AND PROPERTIES OF SEVERAL CATIONIC
GRAFT-COPOLYMERS OF LIGNIN. Macromolecules 1992, 25 (2), 611-616.
99.
Dhara, K.; Jain, R. K.; Glasser, W. G., LIGNIN DERIVATIVES .3. SULFONATE
ESTERS. Holzforschung 1993, 47 (5), 403-411.
126

100. Glasser, W. G.; Jain, R. K., LIGNIN DERIVATIVES .1. ALKANOATES. Holzforschung
1993, 47 (3), 225-233.
101. Jain, R. K.; Glasser, W. G., LIGNIN DERIVATIVES .2. FUNCTIONAL ETHERS.
Holzforschung 1993, 47 (4), 325-332.
102. Tomani, P., THE LIGNOBOOST PROCESS. Cellulose Chemistry and Technology 2010,
44 (1-3), 53-58.
103. Li, Y.; Mlynar, J.; Sarkanen, S., The first 85% kraft lignin-based thermoplastics. Journal
of Polymer Science Part B-Polymer Physics 1997, 35 (12), 1899-1910.
104. Linger, J. G.; Vardon, D. R.; Guarnieri, M. T.; Karp, E. M.; Hunsinger, G. B.; Franden,
M. A.; Johnson, C. W.; Chupka, G.; Strathmann, T. J.; Pienkos, P. T.; Beckham, G. T., Lignin
valorization through integrated biological funneling and chemical catalysis. Proceedings of the
National Academy of Sciences of the United States of America 2014, 111 (33), 12013-12018.
105. Li, Y.; Sarkanen, S., Alkylated kraft lignin-based thermoplastic blends with aliphatic
polyesters. Macromolecules 2002, 35 (26), 9707-9715.
106. Chen, F.; Tobimatsu, Y.; Havkin-Frenkel, D.; Dixon, R. A.; Ralph, J., A polymer of
caffeyl alcohol in plant seeds. Proceedings of the National Academy of Sciences of the United
States of America 2012, 109 (5), 1772-1777.
107. Pouteau, C.; Baumberger, S.; Cathala, B.; Dole, P., Lignin–polymer blends: evaluation of
compatibility by image analysis. Comptes Rendus Biologies 2004, 327 (9–10), 935-943.
108. Baker, D. A.; Gallego, N. C.; Baker, F. S., On the characterization and spinning of an
organic-purified lignin toward the manufacture of low-cost carbon fiber. Journal of Applied
Polymer Science 2012, 124 (1), 227-234.
109. Ducrot, E.; Chen, Y.; Bulters, M.; Sijbesma, R. P.; Creton, C., Toughening Elastomers
with Sacrificial Bonds and Watching Them Break. Science 2014, 344 (6180), 186-189.
110. Wang, Y. H.; Chen, K. L.; Xu, C. H.; Chen, Y. K., Supertoughened Biobased Poly(lactic
acid)-Epoxidized Natural Rubber Thermoplastic Vulcanizates: Fabrication, Co-continuous Phase
Structure, Interfacial in Situ Compatibilization, and Toughening Mechanism. Journal of Physical
Chemistry B 2015, 119 (36), 12138-12146.
111. Bahl, K.; Jana, S. C., Surface Modification of Lignosulfonates for Reinforcement of
Styrene-Butadiene Rubber Compounds. Journal of Applied Polymer Science 2014, 131 (7).
112. Song, P.; Cao, Z.; Meng, Q.; Fu, S.; Fang, Z.; Wu, Q.; Ye, J., Effect of Lignin
Incorporation and Reactive Compatibilization on the Morphological, Rheological, and Mechanical
Properties of ABS Resin. Journal of Macromolecular Science Part B-Physics 2012, 51 (4), 720735.
113. Tran, C. D., Chen, J., Keum, J. K., Naskar, A. K., A New Class of Renewable
Thermoplastics with Extraordinary Performance from Nanostructured Lignin-Elastoemrs.
Advanced Functional Materials (in press).
114. Sivasankarapillai, G.; Li, H.; McDonald, A. G., Lignin-Based Triple Shape Memory
Polymers. Biomacromolecules 2015, 16 (9), 2735-2742.
115. Liu, L.; Lu, Y. L.; He, L.; Zhang, W.; Yang, C.; Liu, Y. D.; Zhang, L. Q.; Jin, R. G.,
Novel europium-complex/nitrile-butadiene rubber composites. Advanced Functional Materials
2005, 15 (2), 309-314.
116. Parris, M. D.; MacKay, B. A.; Rathke, J. W.; Klingler, R. J.; Gerald, R. E., II, Influence
of Pressure on Boron Cross-Linked Polymer Gels. Macromolecules 2008, 41 (21), 8181-8186.
127

117. Wang, M. J.; Wolff, S.; Donnet, J. B., FILLER ELASTOMER INTERACTIONS .3.
CARBON-BLACK-SURFACE ENERGIES AND INTERACTIONS WITH ELASTOMER
ANALOGS. Rubber Chemistry and Technology 1991, 64 (5), 714-736.
118. Anastas, P. T., Warner, J.C., Green Chemistry: Theory and Practice. Oxford University
Press: New York, NY, 1998.
119. Balakshin, M.; Capanema, E., ON THE QUANTIFICATION OF LIGNIN HYDROXYL
GROUPS WITH P-31 AND C-13 NMR SPECTROSCOPY. Journal of Wood Chemistry and
Technology 2015, 35 (3), 220-237.
120. Balakshin, M. Y.; Capanema, E. A., Comprehensive structural analysis of biorefinery
lignins with a quantitative C-13 NMR approach. Rsc Advances 2015, 5 (106), 87187-87199.
121. Grulke, E. A., Solubility Parameter Values. In Polymer Handbook, 4th ed.; Brandrup, J. I.,
E. H.; Grulke, E. A., Ed. Wiley: New York, 1999; Vol. 2, pp 675-714.
122. Akato, K.; Tran, C. D.; Chen, J.; Naskar, A. K., Poly(ethylene oxide)-Assisted
Macromolecular Self-Assembly of Lignin in ABS Matrix for Sustainable Composite Applications.
ACS Sustainable Chemistry & Engineering 2015, 3 (12), 3070-3076.
123. Roberts, V. M.; Stein, V.; Reiner, T.; Lemonidou, A.; Li, X.; Lercher, J. A., Towards
Quantitative Catalytic Lignin Depolymerization. Chemistry-a European Journal 2011, 17 (21),
5939-5948.
124. Treloar, L. R. G., ELASTICITY AND RELATED PROPERTIES OF RUBBERS. Reports
on Progress in Physics 1973, 36 (7), 755-826.
125. Boyce, M. C.; Arruda, E. M., Constitutive models of rubber elasticity: A review. Rubber
Chemistry and Technology 2000, 73 (3), 504-523.
126. Ouyang, Q.; Cheng, L.; Wang, H.; Li, K., FTIR Study of the retardation effect of boric
acid on the cyclization reaction of polyacrylonitrile. E-Polymers 2009.
127. Sperling, L. H., Multicomponent Polymeric Materials. In Introduction to Physical Polymer
Science, John Wiley & Sons, Inc.: 2005; pp 687-756.
128. Ratnaweera, D. R.; Saha, D.; Pingali, S. V.; Labbe, N.; Naskar, A. K.; Dadmun, M., The
impact of lignin source on its self-assembly in solution. Rsc Advances 2015, 5 (82), 67258-67266.
129. Imel, A. E.; Naskar, A. K.; Dadmun, M. D., Understanding the Impact of Poly(ethylene
oxide) on the Assembly of Lignin in Solution toward Improved Carbon Fiber Production. ACS
Applied Materials & Interfaces 2016, 8 (5), 3200-3207.
130. Luo, S. P.; Cao, J. Z.; McDonald, A. G., Interfacial Improvements in a Green Biopolymer
Alloy of Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and Lignin via in Situ Reactive
Extrusion. Acs Sustainable Chemistry & Engineering 2016, 4 (6), 3465-3476.
131. Sadeghifar, H.; Argyropoulos, D. S., Correlations of the Antioxidant Properties of
Softwood Kraft Lignin Fractions with the Thermal Stability of Its Blends with Polyethylene. Acs
Sustainable Chemistry & Engineering 2015, 3 (2), 349-356.
132. Bolland, J. L.; Gee, G., KINETIC STUDIES IN THE CHEMISTRY OF RUBBER AND
RELATED MATERIALS .3. THERMOCHEMISTRY AND MECHANISMS OF OLEFIN
OXIDATION. Transactions of the Faraday Society 1946, 42 (3-4), 244-252.
133. Yehye, W. A.; Rahman, N. A.; Ariffin, A.; Hamid, S. B. A.; Alhadi, A. A.; Kadir, F.
A.; Yaeghoobi, M., Understanding the chemistry behind the antioxidant activities of butylated
hydroxytoluene (BHT): A review. European Journal of Medicinal Chemistry 2015, 101, 295-312.

128

134. Mohanty, A. K.; Misra, M.; Drzal, L. T., Sustainable bio-composites from renewable
resources: Opportunities and challenges in the green materials world. Journal of Polymers and the
Environment 2002, 10 (1-2), 19-26.
135. Isikgor, F. H.; Becer, C. R., Lignocellulosic biomass: a sustainable platform for the
production of bio-based chemicals and polymers. Polymer Chemistry 2015, 6 (25), 4497-4559.
136. Darder, M.; Aranda, P.; Ruiz-Hitzky, E., Bionanocomposites: A new concept of
ecological, bioinspired, and functional hybrid materials. Adv. Mater. 2007, 19 (10), 1309-1319.
137. Trache, D.; Tarchoun, A. F.; Derradji, M.; Hamidon, T. S.; Masruchin, N.; Brosse, N.;
Hussin, M. H., Nanocellulose: From Fundamentals to Advanced Applications. Frontiers in
Chemistry 2020, 8.
138. Ikeda, Y.; Phakkeeree, T.; Junkong, P.; Yokohama, H.; Phinyocheep, P.; Kitano, R.;
Kato, A., Reinforcing biofiller "Lignin" for high performance green natural rubber
nanocomposites. Rsc Advances 2017, 7 (9), 5222-5231.
139. Datta, J.; Parcheta, P.; Surowka, J., Softwood-lignin/natural rubber composites containing
novel plasticizing agent: Preparation and characterization. Ind Crop Prod 2017, 95, 675-685.
140. Kosikova, B.; Gregorova, A.; Osvald, A.; Krajcovicova, J., Role of lignin filler in
stabilization of natural rubber-based composites. Journal of Applied Polymer Science 2007, 103
(2), 1226-1231.
141. Miao, C. W.; Hamad, W. Y., Controlling lignin particle size for polymer blend
applications. Journal of Applied Polymer Science 2017, 134 (14), 10.
142. Sivasankarapillai, G.; McDonald, A. G., Synthesis and properties of lignin-highly branched
poly (ester-amine) polymeric systems. Biomass & Bioenergy 2011, 35 (2), 919-931.
143. Aradoaei, S.; Darie, R.; Constantinescu, G.; Olariu, M.; Ciobanu, R., Modified lignin
effectiveness as compatibilizer for PET/LDPE blends containing secondary materials. J Non-Cryst
Solids 2010, 356 (11-17), 768-771.
144. Bose, S. K.; Omori, S.; Kanungo, D.; Francis, R. C.; Shin, N. H., Mechanistic Differences
Between Kraft and Soda/AQ Pulping. Part 1: Results from Wood Chips and Pulps. Journal of
Wood Chemistry and Technology 2009, 29 (3), 214-226.
145. Kanungo, D.; Francis, R. C.; Shin, N. H., Mechanistic Differences Between Kraft and
Soda/AQ Pulping. Part 2: Results from Lignin Model Compounds. Journal of Wood Chemistry
and Technology 2009, 29 (3), 227-240.
146. Tran, C. D.; Chen, J. H.; Keum, J. K.; Naskar, A. K., A New Class of Renewable
Thermoplastics with Extraordinary Performance from Nanostructured Lignin-Elastomers.
Advanced Functional Materials 2016, 26 (16), 2677-2685.
147. Bova, T.; Tran, C. D.; Balakshin, M. Y.; Chen, J.; Capanema, E. A.; Naskar, A. K., An
approach towards tailoring interfacial structures and properties of multiphase renewable
thermoplastics from lignin–nitrile rubber. Green Chem. 2016, 18 (20), 5423-5437.
148. Cui, M. M.; Nguyen, N. A.; Bonnesen, P. V.; Uhrig, D.; Keum, J. K.; Naskar, A. K.,
Rigid Oligomer from Lignin in Designing of Tough, Self-Healing Elastomers. Acs Macro Letters
2018, 7 (11), 1328-1332.
149. Monteil-Rivera, F.; Paquet, L., Solvent-free catalyst-free microwave-assisted acylation of
lignin. Ind Crop Prod 2015, 65, 446-453.
150. Saito, T.; Perkins, J. H.; Vautard, F.; Meyer, H. M.; Messman, J. M.; Tolnai, B.; Naskar,
A. K., Methanol Fractionation of Softwood Kraft Lignin: Impact on the Lignin Properties.
Chemsuschem 2014, 7 (1), 221-228.
129

151. Bova, T.; Tran, C. D.; Balakshin, M. Y.; Chen, J.; Capanema, E. A.; Naskar, A. K., An
approach towards tailoring interfacial structures and properties of multiphase renewable
thermoplastics from lignin-nitrile rubber. Green Chemistry 2016, 18 (20), 5423-5437.
152. Faustino, H.; Gil, N.; Baptista, C.; Duarte, A. P., Antioxidant activity of lignin phenolic
compounds extracted from kraft and sulphite black liquors. Molecules 2010, 15 (12), 9308-22.
153. Wang, H.; Liu, W.; Huang, J.; Yang, D.; Qiu, X., Bioinspired Engineering towards
Tailoring Advanced Lignin/Rubber Elastomers. Polymers 2018, 10 (9), 1033.
154. Nguyen, N. A.; Meek, K. M.; Bowland, C. C.; Naskar, A. K., Responsive lignin for shape
memory applications. Polymer 2019, 160, 210-222.
155. Nguyen, N. A.; Bowland, C. C.; Bonnesen, P. V.; Littrell, K. C.; Keum, J. K.; Naskar,
A. K., Fractionation of Lignin for Selective Shape Memory Effects at Elevated Temperatures.
Materials 2020, 13 (8), 1940.
156. Spoljaric, S.; Salminen, A.; Luong, N. D.; Seppälä, J., Stable, self-healing hydrogels from
nanofibrillated cellulose, poly(vinyl alcohol) and borax via reversible crosslinking. European
Polymer Journal 2014, 56, 105-117.
157. Chou, T. W., FLEXIBLE COMPOSITES. Journal of Materials Science 1989, 24 (3), 761783.
158. Vaisanen, T.; Das, O.; Tomppo, L., A review on new bio-based constituents for natural
fiber-polymer composites. Journal of Cleaner Production 2017, 149, 582-596.
159. Ramesh, M.; Palanikumar, K.; Reddy, K. H., Plant fibre based bio-composites: Sustainable
and renewable green materials. Renewable & Sustainable Energy Reviews 2017, 79, 558-584.
160. Calvino, C.; Macke, N.; Kato, R.; Rowan, S. J., Development, processing and applications
of bio-sourced cellulose nanocrystal composites. Progress in Polymer Science 2020, 103.
161. Khalifa, M.; Anandhan, S.; Wuzella, G.; Lammer, H.; Mahendran, A. R., Thermoplastic
polyurethane composites reinforced with renewable and sustainable fillers - a review. Polym.Plast. Tech. Mater. 2020, 59 (16), 1751-1769.
162. Tarres, Q.; Ardanuy, M., Evolution of Interfacial Shear Strength and Mean Intrinsic Single
Strength in Biobased Composites from Bio-Polyethylene and Thermo-Mechanical Pulp-Corn
Stover Fibers. Polymers 2020, 12 (6).
163. Nguyen, N. A.; Barnes, S. H.; Bowland, C. C.; Meek, K. M.; Littrell, K. C.; Keum, J.
K.; Naskar, A. K., A path for lignin valorization via additive manufacturing of high-performance
sustainable composites with enhanced 3D printability. Science Advances 2018, 4 (12).
164. Nguyen, N. A.; Bowland, C. C.; Naskar, A. K., general method to improve 3D-printability
and inter-layer adhesion in lignin-based composites. Applied Materials Today 2018, 12, 138-152.
165. Lam, T. B. T.; Hori, K.; Iiyama, K., Structural characteristics of cell walls of kenaf
(Hibiscus cannabinus L.) and fixation of carbon dioxide. Journal of Wood Science 2003, 49 (3),
255-261.
166. Ko, Y. S.; Forsman, W. C.; Dziemianowicz, T. S., CARBON FIBER-REINFORCED
COMPOSITES - EFFECT OF FIBER SURFACE ON POLYMER PROPERTIES. Polymer
Engineering and Science 1982, 22 (13), 805-814.
167. Afaghi-Khatibi, A.; Mai, Y. W., Characterisation of fibre/matrix interfacial degradation
under cyclic fatigue loading using dynamic mechanical analysis. Composites Part a-Applied
Science and Manufacturing 2002, 33 (11), 1585-1592.

130

VITA

Anthony (Tony) Stephen Bova was born and raised in Mentor, Ohio where he graduated from
Mentor High School in 2002. After a short career in project management, he returned to school
and obtained a Bachelor of Science degree in chemistry from the University of Toledo in Toledo,
Ohio with cum laude honors in 2013. In 2013, he was awarded a graduate research fellowship to
join the University of Tennessee, Knoxville Bredesen Center for Interdisciplinary Research and
Graduate Education as a doctoral track graduate student. He took a strong interest in the
combination of chemistry, materials, technology commercialization, and entrepreneurship.
Through an entrepreneurship course, he was introduced to Dr. Amit Naskar and joined his
laboratory at Oak Ridge National Laboratory. While a student, he earned a competitive TNSCORE Energy Scholars fellowship through an NSF funded EPSCoR program to fund his
research. Tony is graduating with a Doctor of Philosophy in Energy Science and Engineering in
April 2021. After graduation, Tony will focus his time on his waste valorization startup company,
mobius pbc, where he is both Co-Founder and CEO.

131

